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ABSTRACT

This thesis is concerned with the immobilisation of enzymes on electrosynthesised poly (ophenylenediamine) membranes for use on amperometric electrodes. The thesis opens with a
discussion of the basic principles of enzymology and a review of a diverse range of biosensors,
followed by a consideration of amperometry as governed by the Cottrell equation.

Glucose oxidase and horseradish peroxidase were co-immobilised in
poly (o-phenylenediamine) on platinum electrodes at + 0.6 V versus Ag/AgCl. Using this
approach the enzymes are entrapped in a strongly adherent, highly reproducible thin
membrane, of thickness approximately 10 nm. This one-step procedure produces a glucose
sensor with a response time less than 1 second, a high sensitivity of 419.63 nA/mM/cm^, a
linear range up to 7 mM and a limit of detection of 0.03 inM glucose. From kinetic analyses,
the response of the electrode is rate limited by the enzyme kinetics, exhibiting an apparent
Michaelis-Menton constant km =17.03 mM and a limiting current density Uax of 12.8 pA/cm^.
The activation energy for the enzymatic reaction was calculated as 7.6 kJ/mol. Due to
permselectivity characteristics of the membrane, the access of ascorbate, urate, and
acetaminophen, common interfering species, to the electrode surface is blocked. I'he electrode
was found to be stable for more than 30 days.
Using the glucose electrode as a model, a hypoxanthine electrode was prepared by the co
immobilisation of xanthine oxidase and horseradish peroxidase in poly (o-phenylenediamine).
This electrode again exhibited a fast response, a sensitivity of 54.2 nA/pM/cm , a linear range
up to 62 pM hypoxanthine and a limit of detection of 0.25 pM hypoxanthine. The kinetic
parameters determined for the optimised biosensor were 196.1 pM for the km and 19.9
pA/cm^ for the Imax- The temperature dependence of the amperometric response indicated an
activation energy of 22.8 kJ/mol.
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Chapter 1: Introduction

1.1 BIOSENSORS - AN INTRODUCTION

“A biosensor may be defined as an analytical instrument containing a sensing element
of biological origin, which is either integrated within, or in intimate contact with a
physicochemical transducer. The usual aim is to produce a continuous electronic signal which
is directly proportional to the concentration of a chemical or set of chemicals in a sample. ”[1]

Nature has, since the beginning of time, utilised the exchange of signals between living beings
as a method for communication. This exchanged information, which travels as a message to a
receptor site, has allowed for the reproduction, evolution and survival of these living beings.
Man’s desire to mimic these messages and quantify these signals has led to biosensor
development. Using the enzymes that nature provides, biosensors can allow the quantification
of many substances, which leads to numerous applications.

Biosensors have the potential to revolutionise the world of analytical methodology by
providing an alternative to older, well-established, laboratory techniques. These alternative
methods, involving biosensors, are often considerably less expensive and have minimal
demand upon operator skills. Biosensors have captured the attention of many scientists from
far-ranging fields such as pharmacology, biochemistry, protein chemistry, electronics and
physics. The impact of this has been largely due to major advances made in
bioelectrochemistry, microelectronics and micro-optic technology. Biosensors should be
capable of selectively determining analytes in complex environments without the need for pre
treatment or separation. Current problems in reaching these goals include short operating
lifetimes (owing to the instability of the bioactive component), narrow analyte range, frequent
calibration requirement and the task of interfacing the sensor with the complex matrix in which

the analyte is present. Nevertheless, due to the real and potential advantages of biosensors
(lack of sample preparation, fast response and portability) compared to more traditional
methods of analyses, many market opportunities do exist in the areas of medical diagnostics,
environmental monitoring and analysis of food, drink and pharmaceutical products and
processes. Accompanying these opportunities are obstacles, both technical and financial, to
commercial exploitation.

Figure 1.1 depicts a schematic arrangement of a biosensor system. It comprises of a bioactive
component (e.g. enzyme, antibody, membrane component, microorganism) that can
specifically recognise the species of interest in intimate contact with a suitable transducing
system. The purpose of the transducer is to convert the biochemical signal into an electronic
signal, that can be suitably processed and outputted. The transducer can take many forms, but
the emphasis to date has been on electrochemical, optical, piezo-electric, calorimetric and
acoustic detectors. Biosensors are typically classified either according to the type of bioactive
component or to the type of transducer. Based on the bioactive component, biosensors can be
either of an affinity type, or of an enzyme/metabolic type. Bioaffmity sensors utilise a binding
event to detect substances. The binding of the analyte to the bioactive component results in a
conformational change of the biomolecule and/or physical changes in the immobilisation
medium (e.g. changes in charge, thickness, temperature or optical properties). In the
enzymatic/metabolic type biosensor, binding of the analyte is immediately followed by
chemical conversion to a product, which is detected.

Figure 1.1 Schematic representation of a biosensor system
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As the overall objective of this work is to develop metabolic type biosensors (for glucose and
hypoxanthine), by immobilising enzymes in o-phenylenediamine films (utilising
electrochemieal transduction), the following seetions include a review of enzymology and a
discussion of the evolution and development of enzyme sensors.

1.2 ENZYMES

Enzymes are biological catalysts that participate in virtually all chemical reactions occurring in
plants, microorganisms and animals. They are high molecular mass biochemicals, classed as
proteins, but distinguished by the existence of a geometric zone in their structure, which
facilitates the catalysis of substrates thus confirming an extraordinary specificity essential for
their function in complex living systems [2].

1.2.1 Enzyme Structure
X-ray diffraction studies of enzyme crystals may at first sight indicate a picture resembling a
tangled ball of wool. However, evidence of hydrogen bonding, the existence of coulombic
forces, the presence of disulphide bridges (between cysteine residues) and the existence of
hydrophobic bonding, are all indicative of an ordered structure for the enzyme molecule. The
primary structure (or amino acid sequence) gives rise to the three-dimensional structure of the
protein and is the backbone of the enzyme. The secondary structure accounts for the
relationship of amino acids close to one another in the primary structure. The tertiary structure
deals with the relationship of constituents which are far apart in the primary structure. Finally,
the quaternary structure yields information about the spatial relationship of the peptide chain in
a multi-chain protein. The first enzyme to be successfully analysed, three dimensionally, was
hen’s egg white, lysozyme. The actual three-dimensional shape of the protein is a result of
competition and co-operation of several intermolecular forces. The resultant molecule is a
fragile balance of thermodynamics, the effects of dielectric constants, ionic strength, pH and
temperature, on the London and coulombic forces and on the hydrogen bonding [3].

1.2.2 Enzyme Active Sites
The simplest enzyme catalysed reaction can be represented by the following scheme:

E + S-^ES^EP^E + P

(1.1)

where E is the enzyme, S the substrate, ES and EP intermediate complexes and P the product
of enzyme catalysis. The concept of an enzyme/substrate complex (ES) was first introduced in
1902 by Henri [4] and Brown [5] in their kinetic treatment of the enzyme invertase. However,
direct proof of such a complex has since been demonstrated by many researchers [6], [7], [8]
and is central to the understanding of enzyme action.

Fischer first postulated the mechanism of enzyme action via an active site in 1860. The
specificity of the reaction is a result of a lock and key fit, of the substrate and enzyme. This
over-simplified theory provides the basis of our knowledge of enzyme/substrate binding. The
extent of specificity varies with the enzyme and for multi-substrate enzymes. Many highly
specific enzymes will not only discriminate on the basis of chemical identity, but also on the
basis of geometric and sterochemical properties of the substrate. This behaviour leads to the
conclusion, that enzymes possess asymmetrical active sites, where multiple points of
attachment can be made to the substrate. Studies with enzymes which show a more general
specificity, has led to the postulation that there is a distinction between the binding and
catalytic functions of the active site. Studies [2] of several enzymes provide evidence for
common binding sites and distinctly different catalytic sites, specific to the particular enzyme.

When considering the lock and key mechanism proposed by Fischer, one imagines a rigid
binding of the substrate. If true, it would be reasonable to assume that a substrate analogue
slightly smaller in size would bind in the same way as the original substrate. This, however, is

not the case. Koshland proposed that the substrate, by inducing an altered geometry in the
active site of the enzyme, produced catalytic activity [9]. Thus, only the larger true substrate
will induce catalytic activity. This approach to the mechanism of enzyme action (the “induced
fit” model), requires the enzyme to be flexible and one may assume that the substrate
configuration is also strained on enzyme binding. The enzyme substrate binding can be
considered in the same sense as a glove fitted to the hand, rather than the more rigid lock and
key approach.

1.2.3 Enzyme Classification
Enzyme classification by the Enzyme Commission (EC), has divided enzymes into six major
classes, where every enzyme known to catalyse a specific reaction, is assigned to one of the six
classes (Table 1.1). Each enzyme has a recommended name for everyday use, a systematic
name which identifies the reaction it catalyses and a classification number for accurate
identification of the enzyme. The classification number consists of four elements, the first digit
number represents the class name, the second digit the subclass, the third digit the sub-subclass
and the fourth digit the designated number of the enzyme in the sub-sub class. The
subdivisions identify the type of substrate, co-factor and bond cleaved [10]. For example the
enzyme glucose oxidase has an EC code number of EC 1.1.3.4.

Table 1.1 International classification of enzymes

Enzyme Class

Reaction Catalysed

1. Oxidoreductases

Oxidation/reduction

2. Transferases

Transfer of a specific group from donor to
acceptor
Hydrolysis of covalent bonds eg.,
C-0. P-0, C-C, C-P and C-S
Cleavage of covalent bonds by removal of a
group to leave a double bond
Structural rearrangements within a group

3. Hydrolysases
4. Lyases
5. Isomerases

Conjunction of two molecules coupled to the
hydrolysis of a nucleoside triphosphate

6. Ligases

1.2.4 Enzyme Kinetics
The use of enzymes as analytical reagents is based on their selective effect on reaction
kinetics, through a lowering of the reaction activation energy, via the formation of lower
energy pathways. Enzymes have no effect on the equilibrium constants of the catalysed
reactions. The theory of enzyme kinetics was first developed by Henri [4] in 1903 and
extended by Michaelis and Menton in 1913 [11] who postulated the following mechanism of
enzyme catalysis:
E+S ^
ES ^

^ ES

(1.2)

^ E+ P

(1.3)

The free enzyme (E), combines with the substrate (S), to give the enzyme substrate complex
(ES) in a fast reversible step. The enzyme substrate complex then breaks down to form free
enzyme (E) and product (P) in a slow rate-determining step. The reactions are assumed
reversible, with k+i and k+2 representing the rate constants for the forward reactions and k.i and
k.2 representing rate constants for the backward reactions. An important assumption of the

Michaelis and Menton treatment of enzyme catalysis is that, the enzyme/substrate complex
reaches equilibrium with the free enzyme and is not affected by product formation. A second
important assumption, is that the steady state is maintained over the measurement period of the
initial rate of reaction of the complex formed. The rate equation derived by Michaelis and
Menton applies to enzymes with a single substrate.

They proposed that the initial velocity (Vo) of the enzyme-catalysed reaction is given by the
following expression:
Vo=k.2[ES]

(1.4)

Where already defined, k+2 is the rate constant for equation (1.3) and [ES] is the concentration
of the enzyme substrate complex. As k+2 and [ES] cannot be directly determined, Vo is
expressed in terms of a variable which can be more readily measured. The second-order rate
equation for the formation of ES is given as:

(it

*.,([£, ]- (£9 ]>£S’ ]
(1.5)

where [Ej] is the total enzyme concentration. The rate equation for the breakdown of the ES is
given by:
~

^ = k_,[ES ]+

]
(1.6)

In the steady state, the rate of formation of the ES equals the rate of its breakdown, therefore,
k.,([E,]- [ES]XS] = k_,[ES]+ k.JES]

(1.7)

Rearranging equation (1.7) gives:
[S]([E,]-[ES])
[ES]

k_,+ k,,
+

(1.8)

= k

1

^-1 + ^+2

where km (the Michaelis-Menton constant) replaces

Solving this equation for ES gives:
[Er][S]

[ES] =

k,„+[S]

(1.9)

and substituting this expression for ES into equation (1.4) gives an expression for the initial
reaction rate i.e..
V =k

[EtIIS]
+2

(1.10)

k™+[S]

When the enzyme is saturated the maximum velocity will occur as follows:

v,„„ =k.,[E,]

(1.11)

Substituting this expression into equation (1.10) gives:
V,„..JS]
k,„+[S]

(1.12)

This is the Michaelis-Menton equation, the rate equation for a one substrate enzyme-catalysed
reaction. This equation describes the kinetic behaviour of enzymes which exhibit a hyperbolic
dependence of Vo on [SJ. The Michaelis constant (km) is the dissociation equilibrium constant
of the ES complex and is inversely proportional to the affinity of the enzyme for its substrate:
the lower the km value the greater the affinity. The units of km are mol dm' . The maximum
velocity constant (Vm) is the maximum forward velocity for unit concentration of enzyme and
is equal to k+2. This will be attained when all of the enzyme is in the form of enzyme-substrate
complex. Vmax and km values vary with the nature of enzymes and substrates.

Other factors which affect these values include:
•

presence of activators or inhibitors

•

nature of reaction medium e.g. chemical properties such as aqueous/organic nature and
physical properties such as pH and temperature.

•

enzyme immobilisation technique.

In practical application, it is best to transform equation (1.12) into a linear equation in one of
the following ways:
Lineweaver-Burk:
1

Vo

Vmax I[.S'!J

+

1

Vn

(1.13)

Hofstee & Eadie:
V

(1.14)

[^]
Dixon & Hares:

M = jk^ + _Lrs’l

(1.15)

For enzymes obeying the Michaelis-Menton relationship, applying the “Lineweaver-Burk”
transformation, when 1/Vo is plotted against 1/[S], a straight line is obtained with a slope of
km/Vmax and an intercept of 1/Vmax on the I/Vq axis and an intercept of-1/km on the 1/[S] axis
[10].
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1.2.5 Enzyme Immobilisation
Enzyme immobilisation, which was first reported by Michaelis and Ehrenreich in 1908, is the
physical separation of the enzyme from the reactant and product [12]. Enzymes are
immobilised either by physical or chemical combination with a water insoluble support. The
early techniques involved the adsorption of enzymes onto charcoal, alumina and glass [13].
However, up to the mid-sixties, enzyme immobilisation was limited largely, due to the
unavailability of suitable inorganic support materials.

The surface on which the enzyme is immobilised has a vital role to play in retaining the
tertiary structure in the enzyme, by hydrogen bonding or by the formation of electron
transition complexes. In enzyme-based analytical devices using electrochemical detection
methods, the enzyme is usually confined on the surface of the electrode - mainly glassy
carbon, platinum, or carbon paste electrodes. The use of immobilised enzymes in analytical
systems offers many advantages over soluble enzymes, e.g. a large economic advantage is
gained, since expensive enzymes can be used repeatedly. In their natural environment most if
not all enzymes are attached to cell surfaces or bound within a cell. Hence, immobilisation
places the enzyme in a more natural environment resulting in enhancement of the long-term
stability. Presently, methods used for immobilisation of enzymes fall into five main categories
as illustrated in Figure 1.2, i.e., adsorption, entrapment within polymer membranes,
microencapsulation, covalent binding and chemical cross-linking. A brief overview of the
different immobilisation techniques is given in the following section. More information may
be gleaned from one of several reviews [14,15,16].

Figure 1.2 Enzyme immobilisation techniques.
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© © ©
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1.2.5.1 Adsorption
Simple physical adsorption of the enzyme on a transducer surface is a popular immobilisation
technique. It relies on non-specific physical interaction between the enzyme protein and the
surface of the electrode or support, brought about by mixing a concentrated solution of enzyme
with the support. Many substances adsorb enzymes, including platinum [17], glassy carbon
[18], alumina, charcoal, clay, cellulose, kaolin, silica gel, glass and collagen. [19]. No reagents
are required and little disruption is caused to the enzymes. However, bonding of the enzyme to
its host is weak and this method is therefore only suitable for exploratory work over a short
time span. Adsorption immobilisation involves the formation of weak van der Waals bonds,
occasionally with hydrogen bonds or covalent bonds being formed. Because of the weak bonds
formed in this type of immobilisation, desorption of the protein (arising from changes in
temperature, pH, ionic strength, or even the presence of the substrate) can occur. Non-specific

12

further adsorption of proteins or other substances (as the immobilised enzyme is used) can also
occur and this may alter the properties of the enzyme. If the substance adsorbed is a substrate
for the enzyme, a decrease in the reaction rate can result. Advantages of immobilisation by
adsorption include no requirement for reagents and minimum activation of electrode support
surface. However, it suffers from greater susceptibility to changes in pH, temperature, ionic
strength and substrate concentration than other immobilisation techniques. The lifetime of the
bioactive component is short when compared with other immobilisation methods.

1.2.5.2 Microencapsuiation
This method of enzyme immobilisation was introduced by Chang [20] and used in the first
biosensors developed. The enzyme is physically held in place behind semi-permeable
membranes, such as cellulose acetate [21], polycarbonate, collagen, PTFE, Nafion or
polyurethane. Close contact is ensured between the biomaterial and the transducer and
immobilisation is reliable and adaptable. Membranes may serve strictly as a structural
framework in which the enzyme is enmeshed, thereby reducing leakage and desorption of
reactants, or the membrane may serve additional functions (such as selective ion permeability,
elimination of interferences [22], improved stability to changes in pH and temperature), while
maintaining a high degree of specificity. The main advantages of this technique are; the high
concentration of enzyme that may be encapsulated and the ease with which more than one
enzyme may be immobilised simultaneously. The main disadvantages are the leakage of
enzyme and inactivation of some enzymes. The technique is confined to low molecular mass
substances due to limitations of the membrane pore size.
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Sol gel technology has enabled extension of the entrapment principle to silicate networks, that
have some advantageous characteristics for immobilisation of bioactive components. The sol
gel matrix is prepared under mild conditions, thus protecting the bioactive component [23].

1.2.5.3 Chemical Cross-linking
Chemical cross-linking is based on the formation of intermolecular covalent bonds, between
enzyme molecules and a low molecular mass functionalised cross-linking agent. An extension
of this technique is co-cross-linking, where the enzyme is treated with a second protein such as
bovine serum albumin (BSA) as well as a multifunctional cross-linking agent.

A commonly used method of immobilisation involves covalent bonding of the enzyme with
glutaraldehyde, usually in the presence of (BSA). The BSA provides additional coupling sites
without blocking the electrode surface, thus acting as an intermediate spacer. The
glutaraldehyde reacts with lysine amino groups in the enzyme and by mutually cross-linking
the enzyme with another protein (BSA), higher enzyme activity and greater stability is
obtained. This method of immobilisation is very stable, but quite severe and can sometimes
cause loss of enzyme activity, as amino acid residues important for catalytic activity may be
involved in the coupling procedure [24].

1.2.5.4 Covalent Attachment
Covalent attachment involves the covalent bonding, between non-essential amino acid residues
of the enzyme and a reactive group attached to the support material. Covalent attachment to a
transducer surface provides a more stable immobilised enzyme and is more widely applicable
than physical methods of immobilisation. This method requires three steps: (a) activation of
the support, (b) enzyme coupling and, (c) removal of loosely bound enzyme. Functional
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nucleophilic groups, that are not essential for the catalytic activity of an enzyme, are
covalently bonded to the support matrix. Mild conditions such as low temperature, low ionic
strength and pH in the physiological range are necessary, so as not to cause loss of enzymie
activity.

Enzymes have been eonveniently immobilised on a modified nylon mesh, produced by
successive treatments of nylon, with dimethylsulphate, lysine spacer and glutaraldehyde
coupling agents. Although, on a practical basis, covalent binding is often more laborious and
tedious than some of the other immobilisation methods discussed, the resultant enzyme
membrane (when held tautly over a platinum disc), provides a high performance, long life,
enzyme electrode. Other advantages of such a means of enzyme-immobilised matrix include,
mechanical stability and simultaneous immobilisation of several enzymes [25]. However,
compared to adsorption and some entrapment techniques, covalent binding often produces a
better more durable structure. Bioactive components immobilised do not leach as much and
hence, tend to exhibit a longer-term stability.

1.2.5.5 Entrapment within Polymer Membranes
1.2.5.5.1 Gel Entrapment
Gel entrapment involves the immobilisation of enzyme within a cross linked insoluble
polymer. Usually the monomer acrylamide [26] and the cross-linking agent, N-N’methylenebisacrylamide are mixed with the enzyme solution. The polymer may be cast as a
thin film directly onto an electrode surface, or it can be cast separately and dispersed to the
desired particle size for use in solution. The main advantage of gel entrapment is the mild
reaction conditions required, in which few significant changes occur in enzyme structure. This

15

is offset by the fact that there is leaching of enzyme due to variations of pore size.
Furthermore, free radicals generated during polymerisation may reduce enzyme activity.

1.2.5.5.2 Immobilisation of Enzymes in Eiectropolymerised Films
Diaz et al. first reported the entrapment of enzymes in eiectropolymerised polymer films in
1979 [27] and this is a very convenient technique for the immobilisation of bioactive
components on electrode surfaces. This method involves the application of an appropriate
potential to a working electrode, (immersed in an aqueous solution containing both enzyme
and monomer) and results in the formation of a conducting or non-conducting polymer layer,
containing the entrapped enzyme molecules. Most enzymes are negatively charged at
physiological conditions and can be incorporated in the polymer matrix as anions, balancing a
positively charged polymer and becoming firmly entrapped by electrostatic interactions.
Immobilisation of enzymes in eiectropolymerised films has many advantages over
conventional immobilisation techniques. Among these are; (1) films can be prepared easily in
a rapid one-step procedure, (2) the thickness of the polymer layer and hence the amount of
entrapped enzyme can be controlled, (by controlling experiment conditions), giving rise to a
very reproducible and non-manual procedure for biosensor fabrication and (3) the entrapment
of enzymes occurs without chemical reaction that could affect its activity.

1.2.6 Effect of Immobilisation
Or. the immobilisation of an enzyme, property changes occur comparative with the soluble
form of the natural enzyme. The most important change is the increased long-term stability of
the immobilised species. Often a change in reactivity is observed as immobilisation may alter
kir.etic constants (due to changes in the activation energy), specificity, Michaelis constants and
pH profiles. For example, the pH optimum may shift depending on the choice of carrier [28].
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This phenomenon has been attributed to the fact that, in the microenvironment, the effect of
the local hydrogen concentration, is controlled by the electrostatic charge of the can'ier. Hence,
when the enzyme is bound to a positively charged matrix the pH optimum shifts to a lower pH,
the reverse occurring for a negatively charged carrier. For example, often the rate-determining
step is the diffusion of substrate towards the enzyme. Upon immobilisation, the Michael is
constant (km) often increases and this is attributed to charge effects, diffusion effects or
changes in the enzyme configuration. Changes in enzyme specificity are often attributed to
conformational changes and changes in the overall net charge of the enzyme. More detailed
discussions on the effects of immobilisation may be found elsewhere [29].

1.2.7 Oxidase Enzymes
1.2.7.1 Introduction
Oxidase enzymes are characterised by having a prosthetic group which contains a covalently
bound nucleotide e.g. flavin adenine dinucleotide (FAD), a complex quinone and/or a co
ordination transitional metal, usually iron, molybdenum, copper or zinc. The prosthetic group
is positioned within the polypeptide matrix of the enzyme, often close to the protein surface, to
enable a redox interaction with the substrate. The prosthetic group in conjunction with its
surrounding amino acid structure, acts as the enzyme’s “active site”. The generalised reaction
for redox enzyme electrodes is:

Substrate (RED) + Enzyme (OX)

—>

Enzyme (RED) + Cosubstrate (OX)

—>

Product (OX) + Enzyme (RED)

(1.16)

Enzyme (OX) + Coproduct (RED)

(1.17)
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where RED is the reduced form and OX is the oxidised form. Oxidase enzymes use oxygen as
their primary co-substrate.

1.2.7.2 Glucose Oxidase (EC 1.1.3.4)
Glucose oxidase was discovered by Muller in 1928 [30] and has since been isolated from a
number of sources including; red algae [31], citrus fruits [32], insects [33], bacteria and
moulds [34]. Glucose oxidase is a dimeric flavoprotein composed of two polypeptide chains
and has one FAD prosthetic centre associated with each polymer. The poor direct
electrochemistry of glucose oxidase, observed both at bare and chemically modified
electrodes, suggests that the FAD is buried deep within the enzyme molecule at a distance
beyond which electron tunnelling can readily occur (>1 nm) [35]. Glucose oxidase is a
relatively large enzyme with a hydrodynamic radius of 4.3 nm and a relative molecular mass
of 1.86 kDa. Its isoelectric point is 4.2 and the enzyme exhibits a broad functional pH 4-7
range, with a maximum pH around pH 5.5. Its solution stability is dependent on pH and it is
most stable at around pH 5. Below pH 2 and above pH 8 catalytic activity is rapidly lost. The
enzyme is inhibited by Ag^, Hg^, Ca^^, p-chloromercuibenzoate and phenylmercuric acetate.
Glucose oxidase catalyses the oxidation of B-D-glucose, producing gluconic acid and hydrogen
peroxide according to the following reaction mechanism:

B-D-Glucose + GOx (FAD)

—>

Gluconic acid + GOx (FADH2)

GOx (FADH2) + 02-^ GOx (FAD) + H2O2

(1.18)
(1.19)

GOx (FAD) represents the oxidised form of the enzyme and GOx (FADH2) the reduced form.
Therefore, glucose concentration may be estimated by measuring either the uptake of oxygen

or the change in pH (due to the production of gluconic acid), or the production of hydrogen
peroxide. Glucose oxidase can exist in both oxidised and reduced forms depending upon the
oxidation state of the flavin group.

1.2.7.3 Xanthine Oxidase (EC 1.2.3.2)
Dixon and Kodama first carried out the purification of xanthine oxidase in 1926 [36].
Xanthine oxidase has a molecular weight of 280 kDa. Xanthine oxidase is a metal containing
tiavoprotein. Two molecules of flavin adenine dinucleotide (FAD), two atoms of molybdenum
and eight atoms of non-heme iron, are bound to a molecule of the enzyme, forming the
prosthetic group [37]. Xanthine oxidase catalyses the oxidation of hypoxanthine and xanthine
to uric acid and hydrogen peroxide respectively according to the following reaction
mechanisms:

Hypoxanthine + XOD (FAD) —> Xanthine + XOD (FADH2)
Xanthine + XOD (FAD) -■> Uric Acid + XOD (FADH2)
XOD (FADH2) + O2 -^ XOD (FAD) + H2O2

(1.20)
(1.21)
(1.22)

Molecular oxygen is the electron acceptor, the activated substrate reduces the molybdenum;
this rapidly reduces the Fe/S groups and lastly the flavin reduces the oxygen. Xanthine
oxidase, which is highly specific within the purine series, also oxidises aldehydes [38]. During
the oxidation of other purines, pyridines and aldehydes, xanthine oxidase can transfer electrons
and hydrogen not only to oxygen, but also to other electron acceptors. Cyanide is an
irreversible inhibitor of xanthine oxidase.
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1.2.8 Horseradish Peroxidase (EC 1.11.1.7)
Horseradish peroxidase is a heme protein with isoelectric points at 2.9 and 8.8 and a molecular
weight of 42 kD. It is highly stable in water. Horseradish peroxidase catalyses the reduction of
hydrogen peroxide according to the following reaction cycle.

HRP (Fe

+ H2O2

--

Cpd (I) + A H 2

K2

Cpd (II) + AH 2

K3

» Cpd (I) + H2O

(1.23)

> Cpd (II) + AH

(1.24)

-►HRP + AH * + H2O

(1.25)

In the first step (Rxn 1.23) the native form of horseradish peroxidase [HRP (Fe^^)] is oxidised
by hydrogen peroxide, in a two electron process resulting in the formation of H2O and the
oxidised form of HRP denoted as Cpd (I). It is known that the ferriheme prosthetic group is
involved in this oxidation. The re-reduction of cpd (I) back to the enzyme’s native form occurs
in two separate one-electron steps (Rxn’s 1.24, 1.25) whereby cpd (II) an intermediate form is
produced.

The electron donors are oxidised to free radical AH* and decay to non-radical products. Two
different pH dependencies are often observed for peroxide detection with HRP; (1) the
response increases at lower pH, (2) the response is practically pH independent. This is because
the catalytic cycle of horseradish peroxidase consists of an oxidative reaction (reaction 1.23)
and a reduction reaction (reactions 1.24 & 1.25). The oxidative reaction of HRP with peroxide
is pH independent in the range between 4.5 and 7.5, while the reductive reaction is highly pH
dependent, showing higher reaction rates in acidic solutions. Additionally, the pH profile of
the reductive path is highly dependent on the reducing substrate. So, in the case when, the
response of peroxidase-modified enzyme electrodes are limited by the rate of the reductive
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reaction, a dependence of electrode response on solution pH is observed. When the mass
transport of peroxide limits the electrode signal, it should be independent of pH. The optimum
pH value of soluble peroxidase is pH 7-8. Peroxidase is inhibited by cyanide and fluoride ions
and by hydroxylamine.
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1.3 TRANSDUCERS
The word transducer comes from the latin word transducere which means to lead across. The
analytical function of a transducer is to lead across chemical information about analytes, so it
can be processed as an electrical signal for data acquisition and interpretation. The transducer
(base sensor) exploits the biochemical modification of the substrate by the bioactive
component, by transforming the chemical signal into an electrical signal. I'he choice of
transducer depends on the type of biochemical modification and must be capable of giving a
signal that is sensitive, easily monitored and has minimal background noise. Recent
technological advances have led to a variety of transducers for use in conjunction with
bioactive components. As this thesis is primarily concerned with amperometric type
electrochemical transducers, only these transducers will be reviewed in detail.

1.3.1 Electrochemical
Electrochemical transducers couple relatively easily with enzymes and may be amperometric,
potentiometric or conductimetric in nature. Conductimetric type transducers are not commonly
used and so, will not be discussed here.

1.3.1.1 Amperometric
Amperometry is characterised by an electrochemical circuit functioning in an electrolytic
rather than galvanic mode. With amperometric transducers, a constant potential is applied and
the current generated due to an oxidation or reduction process is measured. The intensity of
this current is directly proportional to the concentration of the species, which is electroactive in
the sample. Amperometric measurements are usually carried out in a three-electrode cell
system, consisting of a working electrode (biosensor), reference electrode and an auxiliary
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electrode as depicted in Figure 1.3. A potential is applied between the reference and working
electrodes (forcing the oxidation or reduction of a species) and the resultant current, which
flows between the working and auxiliary electrodes is measured.

Figure 1.3 Three electrode amperometric cell system
Auxiliary Electrode
(e.g. Pt wire)
Reference Electrode
(e.g. Ag/AgCl, SCE)

Working Electrode
(e.g. Pt, Au, C)

Buffer solution

Stirbar

In its most common form the amperometric enzyme electrode consists of a thin layer of
immobilised enzyme, held over a platinum or oxygen electrode and covered with dialysis
membrane. Amperometric enzyme electrodes monitor either the uptake of oxygen, or the
production of hydrogen peroxide, during enzymic catalysis. Oxygen consumption is followed
using a polarographic oxygen sensor. Substrate and oxygen diffuse across the thin film of
immobilised enzyme and the resulting decrease in local oxygen concentration may be
monitored. Hydrogen peroxide monitoring of an enzyme catalysed reaction is one of the most
popular approaches for enzyme electrode design. Hydrogen peroxide can be monitored either
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anodically by applying a potential of 0.6 V to the working electrode, or cathodically at a much
lower potential.

The amperometric glucose sensor represents the most successful commercial biosensor
developed to date. Glucose oxidase (in its oxidised form) oxidises glucose to form gluconic
acid, two electrons and two protons and the reduced form of the enzyme. Oxygen dissolved in
the surrounding fluid reacts with the reduced glucose oxidase, accepting the electrons and
protons, forming hydrogen peroxide and regenerating oxidised glucose oxidase, which is ready
to react once more with glucose.

Figure 1.4 Schematic representation of reaction at glucose sensor.

^ Gluconic acid

(a) hydrogen
peroxide
or
(b) reduced
mediator

Various types of electrode material have been employed for use as amperometric transducers
Glassy carbon electrodes are commonly used [39]. Carbon paste electrodes invented nearly 30
years ago by Adams are known for their low background current. Carbon in the form of

24

graphite is an inexpensive and versatile material and hence particularly suitable for the
fabrication of electrodes [40]. Such electrodes have the added advantage, in that the surface of
carbon paste bioelectrodes may be easily renewed, thus opening new possibilities for the
determination of metabolites in real biological samples. Platinum, because of its inherently
superior electrocatalytic response, has been widely used as an electrode material for
biosensors, based on monitoring either hydrogen peroxide production or oxygen consumption.
The mechanism of action of amperometric electrodes is discussed in detail in section 1.4 and
will not be further discussed here.

1.3.1.2 Potentiometric
Potentiometry involves the measurement of a potential (relative to a reference) under
thermodynamic equilibrium conditions where no current flows. The potential develops at the
electrode interface as a result of an accumulation of charge density (brought about by some
selective equilibrium processes). Potentiometric methods have proven to be particularly good
for ions and dissolved gases (which produce ions in many types of bioanalytical processes).
The apparent simplicity of potentiometric methods is deceptive, as obtaining stable selective
signals in complex media, is far more challenging than determining one or two ions in
synthetic solutions.

One of the best-known potentiometric electrodes is the pH electrode. The pH electrode
consists of a glass membrane (with a special composition) attached to the end of a glass tube
of high electrical resistance. The internal chambre contains an Ag/AgCl reference electrode
immersed in a buffer of known and fixed pH. Only HsO^ ions are allowed across the glass
membrane, when the electrode is placed in a solution of hydrogen ions. The potential
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generated arises from interfacial and diffusion potentials across the membrane, which acts as
an ion exchanger.

In the area of potentiometric sensors the trend to miniaturisation and to internal electronic
amplification led to the development of ion-selective field-effect transistors (ISFET), which
are derived from metal oxide semiconductor field effect transistors (FETs) (by replacing the
metal gate with an electrolyte junction and a reference electrode). FETs can become ion
selective after coating their gate, with appropriate membranes. Such a device may be used in
combination with the selectivity of an enzymatic reaction (by an enzyme immobilised on the
surface of the gate insulator). Electrodes for glucose [41], urea [42] and other substrates [43],
utilising ISFETS have been described.

1.3.2 Optical Transducers
Optical biosensors represent the second major family of biosensors after electrochemical. They
are usually optochemical sensors, exploiting the variation in the optical properties of the
sample medium, or an immobilised receptor. This variation is due to a chemical or
physiochemical change. Optical fibres are convenient transducers for the construction of such
sensors, provided that a material that responds optically to the sample can be immobilised on
the tip of the fibre. The signal is then the intensity of the light reflected, scattered, or emitted.
The simplest of photometric methods involves the direct detection of light emitted from
chemical and biological changes i.e. chemiluminescence and bioluminescence reactions that
may be catalysed by enzymes immobilised on the end of optical fibres. Much research is being
carried out in this area due to the low cost of fibre optic cable and the variety of applications of
optical transduction [44, 45, 46]
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1.3.3 Piezoelectrical
The principle of this transducer type, first introduced by Saverbreg in 1959, is based on there
being a linear relationship between the change in the oscillating frequency of a piezoelectric
(PZ) crystal and the mass variation of its surface as detailed in equation (1.26).

AF = -2.3x IOVaM/A

(1.26)

Where F is the frequency, M is the mass and A is the area. The change in mass occurs when
the analyte interacts specifically with the biospecific agent immobilised on the crystal surface.
Piezoelectric devices can be used in their resonance frequencies to determine small variations
in mass, which may result from biological reactions that involve association or coupling, such
as enzyme/inhibitor or antigen/antibody [47].

1.3.4 Thermal
Thermometric detection of the variation in reaction enthalpies may also be used in biosensors.
Simple thermocouples are not sensitive enough to detect variations in enzymatic reaction
enthalpies, but thermistors and thermopiles can detect such small temperature variations. The
thermistor/thermopile is coated with a thin layer of enzyme. Measurements are made with the
enzyme-thermistor and a second reference thermistor. Substrate is added to a well stirred
solution containing both sensors, thus the resulting temperature change is registered as an
imbalance across the two thermistors. The main difficulty with this technique is that, heat
generation is limited by diffusion of substrate into the probe. Thus, the heat generated is
dissipated into the bulk fluid by thermal diffusion at a faster rate than its generation at the
probe. However, miniaturised devices reported by Daniellson [48] and co-workers have been
developed for a variety of substrates including ascorbic acid, cholesterol, glucose and sucrose.
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All of these probes were shown to exhibit a greater sensitivity than their electrochemical
counterparts. Thermistors involve a mixture of metallic oxides and polycrystalline
semiconductors. Thermopiles are made of alternating thermoelectric junctions and generate
passive signals, so are particularly suitable for measuring in flowing systems. New thermally
sensitive materials have made possible thermal arrays, without earlier problems of signal
degradation due to heat loss [49]
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1.4 PRINCIPLES OF OPERATION OF AMPEROMETRIC ENZYME ELECTRODES

This project is concerned with oxidase/peroxidase enzyme electrodes whereby the immobilised
enzymes are placed over an amperometric type platinum electrode. This facilitates the
monitoring of hydrogen peroxide produced in the enzyme substrate reaction, which can be
related to substrate concentration. It is therefore, pertinent to discuss the principles of
amperometric electrodes as governed by the Cottrell equation and application of the principles
to enzyme electrodes.

When the electrode potential is set to completely oxidise or reduce the product, then the
concentration of product will be zero at the electrode surface, thus:

[P] = 0 at X = 0

(1.27)

where x is the distance from the electrode surface.

The resultant current, will be related through Faraday’s [50] and Pick’s [51] First laws to the
flux of product at the electrode surfaces:

/ = nFAD.

d[P]
Sx

(1.28)

where n is the number of electrons involved in the electrochemical oxidation or reduction of
the product. F is faradays constant, A is the area of cross section plane and Dp is the diffusion
coefficient. Equation (1.28) is known as the Cotrell equation.
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The flux of product to the electrode may be limited either by external mass transfer or by
diffusion in the immobilised-enzyme layer.

1.4.1 External Mass Transfer Model
This model has been extensively studied by Racine and Mindt [52], who assumed that the
enzyme layer is very thin, enabling all the reaction product to reach the electrode surface and
be measured.

Under such conditions the current (i) will be limited by the rate of product formation; thus
/ = nF

\ (it j

(1.29)

In the steady state, the rate of chemical reaction will be equal to the rate of supply of substrate
to the outer membrane by mass transfer, thus;

i = nFK2[E]V

when [s] »> k,-

(1.30)

when [S] «<

(1.31)

and
nFK
i =

K, ^

K,[E]V*

l(l>^

where V* represents the volume of the enzyme layer, (j)^ is the permeability of the membrane
and So is the concentration of the substrate in the bulk solution.

Hence, a high upper limit of linearity is promoted by a low permeability, a high km and a high
activity of enzyme on the electrode.
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Equation 1.28 (the Cotrell equation), has two limiting cases: when the mass transfer is ratelimiting, that is, when (j)^ is small, or when the rate of chemical reaction is low.

i-nF(t>XS\

Mass-transfer-limited rate

(1.32)

Enzyme limited rate

(1.33)

nFVK,[E][Sl

In either case, the measured current is proportional to the substrate concentration in the bulk
solution. For a given value of (J)^, the slope of a plot of i versus [S]o, increases with the amount
of enzyme, until the slope becomes independent of it and depends solely upon the membrane’s
permeability. The greatest electrode sensitivity occurs when both the permeability and the
amount of enzyme on the electrode surface are as large as possible. LUtimately the sensitivity
will be limited by the rate of mass transfer from the bulk fluid, to the outer surface of the
electrode membrane. This will depend upon the intensity of stirring in the test solution.

1.4.2 Internal Mass Transfer Model
When the enzyme layer is thick compared to the membrane coating and diffusion in it is slow
relative to the rate of mass transfer from the bulk solution, then the simultaneous occurrence of
chemical reaction and diffusion must be considered. This situation has been extensively
studied by Mell and Maloy [53], [54], who calculated both transient and steady state current as
a function of enzyme activity.

They concluded that:
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Electrode linearity is related to the bulk substrate at low concentration and ultimately
limited by km. An increase in enzyme loading will result in an increase in linearity beyond
the km value for the native enzyme.

•

At low substrate concentrations, current generated is independent of enzyme loading.
However, at high substrate concentration current generated depends on enzyme loading
nFVK^[E]

(1.34)

i =

•

At low enzyme loading, current varies according to
^^^nFK,V[S\XE]
^

(1.35)

2k...

At high enzyme loading, mass transfer is the principle rate controlling factor and
nFADlS],,
I =

(1.36)

L

where L is the enzyme layer thickness.
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1.5 DEVELOPMENT OF AMPEROMETRIC ENZYME ELECTRODES

1.5.1 Evolution of Enzyme Electrodes
As previously stated, amperometric measurements are made with a working electrode poised
at a small fixed potential, in a two or three electrode system. At the applied potential, either the
reactant or product are electroactive and generate a current which can be simply related to
substrate concentration. A selection of the many developments in biosensor research is
presented in the following sections. Figure 1.5 gives an overview of the various milestones in
the evolution and development of amperometric enzyme electrodes.

Figure 1.5 Schematic representation of enzyme electrode development

Monitoring O2 consumption or
H2O2 production, e.g. Clark
type electrodes [56], [57].

Incorporation of Mediators,
reducing dependence on
oxygen and improving
selectivity [74], [75].

Reagentless monitoring of
analyte
(a) conducting organic
salts e.g. TTF^TCNQ[80].
(b) conducting and
non-conducting
polymer films or multi
layer films [83], [84].
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lit is generally agreed that biosensor history started in 1962 [55] and that the progenitor of the
biosensor was the American scientist, Leland C. Clark [56]. Clark had the ingenious idea of
placing glucose oxidase very close to the surface of an oxygen electrode, by trapping it
physically between a hydrophobic and dialysis membrane. Clark found that the concentration
O'f glucose could be monitored, by monitoring the changes in oxygen concentration, resulting
from the enzymatic oxidation of glucose to gluconic acid and hydrogen peroxide as depicted in
reactions 1.37 and 1.38 below - thus creating a glucose biosensor.

B-D-Glucose + GOx (FAD)
GOx (FADH2) + O2

—>

Gluconic acid + GOx (FADF12)

(1.37)

GOx (FAD) + H2O2

(1.38:

In 1967 Updike and Hicks introduced their version of a glucose electrode with glucose oxidase
immobilised in a polyacrylamide gel on the surface of the oxygen electrode [57]. The
amperometric detection mode was the same as Clark’s, but the use of an affixed matrix on the
transducer surface opened up many possibilities for a more durable reaction layer, with more
effective coupling to the transducer.

In the 1970s the general approach of incorporating enzymatically catalysed reactions into other
detection schemes was expanded to include thermal and optical devices. Reviews of the early
work carried out on thermometric and optical sensors are provided by Danielsson and
Mosbach (1989) [58] and Seitz (1988) [59] respectively and will not be discussed here. The
immobilisation of more than one enzyme on a single support was another important
development in sensor technology [60, 61].
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In Clark’s experiments, the more glueose present, the more oxygen consumed and the less
oxygen detected at the electrode. Alternatively, the production of hydrogen peroxide rather
than the consumption of oxygen can be measured using the same platinum electrode, but at a
different potential. A potential of ca. 0.6 V is sufficient to enable complete oxidation of
hydrogen peroxide. This method is more reliable as the sensor is less sensitive to varying
background oxygen concentrations in the sample. “Yellow Springs Instrument Company” in
collaboration with Clark took the first steps towards the development of a commercial product
for glucose sensing (Figure 1.6) [62].

Figure 1.6 Yellow springs instrument

Reaction 2

substrate
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Finding suitable membranes that rendered the glucose oxidase-platinum electrode technique
reproducible and accurate required much work. An inner membrane of cellulose acetate was
placed directly on the electrode to exclude interferents (such as ascorbic acid) and glucose
oxidase was immobilised by chemical cross-linking. Finally, an outer membrane of
polycarbonate was used to prevent fouling (by proteins in blood) and to extend the sensors
linear range (by slightly restricting the diffusion of glucose). The electrode functioned by
direct electrochemical oxidation, at 0.6 V versus Ag/AgCl, of the enzymatically formed
hydrogen peroxide.

Amperometric enzyme electrodes which monitored either the consumption of oxygen or the
formation of hydrogen peroxide, are categorised as “First generation devices”. Table 1.2
details some typical first generation amperometric enzyme electrodes developed since the
pioneering work of Clark.

Table 1.2 First generation enzyme electrodes
Substrate
D-glucose

Enzyme(s)
Glucose oxidase
Invertase,

Sucrose

mutarotase, glucose
oxidase.

D-galactose
Hydrogen
Peroxide
Cholesterol

Galactose oxidase

Catalase
Cholesterol oxidase

Base Sensor Electrode Characteristics
H2O2: Platinum anode; response time
Imin; linearity 0.15-15mM
O2: Platinum cathode; response time
Imin; linearity O.O-lOmM
H2O2: Platinum anode; response time 40s;

Reference
63

64

65

linearity 0-30mM
O2: Platinum cathode; response time 12min; linearity 0-1.5mM
O2: Platinum cathode; response time 23min; linearity 0-0.2mM
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66

67

An overriding problem for the development of “first generation amperometric electrodes”
based on flavoproteins, was to find a way electrochemically, to reoxidise the enzyme and
hence to avoid dependence on oxygen. This was a difficult problem as the flavin group is
buried within the protein and is not readily accessible. Clean metal electrodes are of little
practical use. One approach taken to solve this problem was to employ a low molecular weight
solution mediator, which could diffuse between the electrode surface and the active site of the
enzyme transporting electrons back and forth and hence establishing electrical contact between
them [68].

The immobilisation of such mediators extended the world of biosensors further. Redox
mediators, with a redox potential adapted to that of the enzyme, can be used to transport
electrons from the enzyme’s active site to the electrode surface by means of a shuttle
mechanism. Mediators have the added advantage in that they can decrease the overpotential
(where residual current is low, as is the effect of interferences). Mediators are generally
organometallic compounds with a redox couple exhibiting fast electron transfer reactions. The
use of mediators has been examined in detail by Turner et al. (1989) [69], Cass (1990) [70]
and Martens [71 and 72].

A good example of a redox mediated enzyme electrode system was that described by lanniello
and co-workers [73]. Potassium hexacyanoferrate (III) was the mediator used for the
determination of xanthine, with a xanthine oxidase enzyme electrode. Its mechanism of action
is shown in equation (1.39)

XOD

Xanthine + 2Fe(CN)6^' + HjO —>Uric acid + 2Fe(CN)6‘'' + 2H'
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(1.39)

Xanthine oxidase (XOD) was covalently bound to a graphite electrode and poised at +300 mV
(versus Ag/AgCl) to monitor the production of potassium hexacyanoferrate (II).

In a similar redox mediated system, Kulys and co-workers [74] exploited the reverse of the
above scheme. A viable bi-enzyme electrode for glucose was based on the following reactions,
glucose oxidase catalysed reaction (1.40) and peroxidase reaction (1.41):

Glucose + O2 —^ Gluconic acid + H2O

(1.40)

H2O2 + 2Fe(CN)6'’' + 2H* —> 2Fe(CN)6^' + 2H2O

(1.41)

I'he hexacyanoferrate(lll) was reduced at a glassy carbon electrode poised at 0.0 V

A major breakthrough for glucose sensors was the development of a home-care testing kit for
Type 1 (insulin dependent) diabetics, released by “Medisense Incorporated”. Key research for
this kit was performed by Higgins and Hill [75], utilising the mediated process outlined in
Figure 1.4. Instead of oxygen reacting with reduced glucose oxidase an oxidised form of the
mediator was used, producing reduced mediator (instead of hydrogen peroxide), which is then
reoxidised at the electrode surface. The advantages of mediated sensors are; (1) the reaction of
enzyme with the mediator is well defined, (variable oxygen concentration in sample has no
effect), (2) mediators can be reoxidised at an electrode at less extreme potentials than are
necessary for hydrogen peroxide, thus eliminating interference from substances such as uric
acid, ascorbic acid and paracetamol frequently found in blood.
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The reality of this mediated system came with the arrival on the market of the pen-sized
“ExacTech” glucose sensor in 1987. The “ExacTech” pocket blood glucose meter, is an
amperometric device in the shape of a pen and is designed for the mediated determination of
glucose in whole blood. It consists of a pen-shaped barrel, housing a custom-built single chip
microprocessor, a sealed power source and an operating button. The strips are elegantly
designed enzyme electrodes screen printed onto a plastic substrate. Each enzyme electrode
consists of an Ag/AgCl reference electrode and carbon based working electrode, which
contains the assay reagents. Electrochemical measurements are made by placing a drop of the
test sample on the electrode area. Glucose levels could be read in 30-60 seconds [76].

Amperometric enzyme electrodes, which utilise artificial mediators in place of natural oxygen
to reoxidise the FAD group, have become known as “Second generation devices”.

In an attempt to eliminate mediators from the reaction scheme, “Third generation devices”
emerged utilising conducting organic salts (COS). The most common example is the
Ttf+tcnQ' (tetrathiafulvalenium tetracyanoquinodimethanide) electrode where it has been
suggested that glucose oxidase is reoxidised at the electrode surface [77]. A range of substrates
including xanthine, glucose and L- amino acids have been determined. In each of these
systems the reduced form of the enzyme resulting from the enzyme substrate reaction is re
oxidised. The resulting current produced on re-oxidation of enzyme may be monitored and
related to substrate concentration.
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However, one of the greatest innovations in biosensor technology in recent years, has been the
use of polymer membranes for immobilisation of the bioactive component and most of the
more recent research into biosensors has been directed towards this area. Various factors have
concentrated research on polymers and these include; simplicity of synthesis, suitability to
mass production and the option of using multi-layer films [78, 79]. Immobilisation of the
bioactive component in polymer membranes also gives more reproducible membranes and can
be carried out in a one step procedure.

Polymer coating can be achieved either through the application of a pre-formed polymer layer
to the electrode surface, or by in situ polymerisation of a redox active monomer species and its
subsequent deposition onto the electrode surface. Polymer films have been used in chemically
modified electrodes to protect the electrode surface from fouling, to block interferences [80],
to entrap or incorporate a mediator [81] and to extend the linear range of a biosensor [82].
Since the pioneering works of, Diaz [83], Foulds and Lowe [84], Umana and Waller [85], this
method of biosensor fabrication has gained considerable importance and is continuously
growing as can be gleamed from the many excellent review articles [86, 87, 88, 89, 90].

Amperometric enzyme electrodes based on electrosynthesied polymers can be either “First
generation” with oxygen as the natural mediator, “Second generation” using an artificial
mediator such as ferrocene, or “Third generation” requiring no mediator. In a reagentless third
generation biosensor, there is direct communication between the active site of the immobilised
enzyme and the electrode.

Glucose oxidase is the enzyme with which most biosensor/immobilisation research has been
carried out and this is due to the properties of the enzyme. It is cheap and easy to obtain. It is
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one of the most robust enzymes, (withstanding greater extremes of pH, ionic strength and
temperature than many other enzymes), thus allowing less stringent conditions during the
manufacturing process and also relatively care-free storage. Also, the concentration range at
which glucose oxidase reacts optimally happens to coincide with the range of concentrations
encountered in human blood. Due to its robust nature and the large quantity of research
already carried out, glucose oxidase can act as a model for the development of sensors with
other less robust enzymes. Variations in immobilisation techniques, matrices and other
experimental factors may first be investigated using glucose oxidase and the knowledge gained
transferred to other systems.

Research and development in the field of biosensors is continuously changing and expanding.
Many reviews and books have been published in recent years, which compare and contrast
developments to date and highlight problems [91,92, 93]. Integration of components and
miniaturisation are significant characteristics in the new generation of instruments. Biosensors,
as discrete units, or as integral components of miniaturised analytical systems continue to be
important devices for applying newer strategies in instrumental analysis.
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1.5.2 Development of Electrodes Based on Immobilisation in Electropolymerised Films

The objective of this project is to immobilise enzymes in electropolymerised orthophenylenediamine. Therefore, glucose and hypoxanthine electrodes, based on enzymes
immobilised in electropolymerised films, will be reviewed in the following sections.

1.5.2.1 Glucose Enzyme Electrodes
Sasso et al. [94] reported the first amperometric glucose electrode based on electropolymerised
o-phenylenediamine (OPD) in 1990. Glucose oxidase was covalently immobilised on
platinised, reticulated vitreous carbon using the bifunctional cross-linking agent
glutaraldehyde. OPD was then electropolymerised on the surface of the immobilised enzyme
by means of cyclic voltammetry. The electrode which functioned by monitoring the anodic
decomposition of hydrogen peroxide, followed Michealis and Menton kinetics and remained
active over one month of daily use. The electrode exhibited reduced responses to
electrochemically active interferents, (such as L-ascorbic acid, uric acid and L-cysteine) and
electrode fouling by proteins in blood serum was virtually eliminated.

Also at this time, Malitesta and Zambonin et al. [95] described an enzyme electrode based on
glucose oxidase immobilised in OPD on a platinum electrode by potentiostatic polymerisation
at +0.65 V versus SCE. This electrode also monitored the production of hydrogen peroxide
amperometrically and the oxidation current was directly proportional to the glucose
concentration. The electrode had a response time of 1 second, a high sensitivity and a wide
linear range. The authors claimed that this represented the first report of a membrane, capable
of immobilising glucose oxidase and rejecting ascorbate at the same time.
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In 1995, the same authors [96] reported a glucose electrode capable of operating in the absence
of oxygen and being permselective to the majority of electroactive interferences. The electrode
was based on glucose oxidase immobilised in electropolymerised OPD on the conducting
organic salt (COS) N- methylphenaziniumtetracyanoquinodimethanide. The COS electrode
permitted direct electron transfer between the reduced enzyme and the electrode material, by a
mechanism still open to debate. The electrode followed Michaelis-Menton kinetics, however,
an apparent Km value of 3 mM suggested that the current at high glucose concentration was
limited by the reoxidation of the reduced enzyme. Several workers [97, 98, 99, 100]
investigated glucose electrodes prepared as described by Malitesta.

Vidal and Castillo [101] reported bilayer glucose electrodes based on electropolymerised
pyrrole and OPD. Glucose oxidase was immobilised in a polypyrrole layer, which was then
coated with a layer of OPD. The great advantage of such electrodes was that characteristics
such as, sensitivity and selectivity could be readily adjusted. Controlling the thickness of the
polypyrrole layer allowed the amount of immobilised enzyme and hence the sensitivity of the
electrode to be varied. Selectivity was considerably improved by the presence of the polymer
bilayer. The authors extended their studies to investigate the effect of base electrodes (COS,
carbon paste) on the performance of the electrodes [102, 103].

Garjanyte and Malinaukas [104] described a glucose biosensor, based on multiple layers of
glucose oxidse immobilised in electropolymerised OPD. The electrodes were characterised by
a sensitivity of 0.2-0.7 pA/mM/cm^, a linear range up to 14 mM glucose, a response time of 48 seconds and ascorbate retention up to 95%. An additional layer of Prussian blue placed
between the substrate electrode and the enzyme-containing layer resulted in a biosensor which
could operate in either an anodic or a cathodic manner.
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Although many workers have co-immobilised glucose oxidase and peroxidase and measured
the resultant reduction current of H2O2 reagentless, [105, 106] or with the use of mediators
[107,108,109], there are few reports of the two enzymes co-immobilised in electropolymerised
films.

Tatsuma et al. constructed a bienzyme electrode onto Sn02 by immobilising glucose oxidase
and horseradish peroxidase in electropolymerised pyrrole. Glucose was measured
reagentless at +150 mV versus Ag/AgCl. Both monolayer and bilayer configurations were
developed. Homogenous electrodes displayed the highest sensitivities and linearities extended
from 10’ to 10' M glucose. When compared with an H2O2 oxidation-based sensor, the sensitivity
at +150 mV (versus Ag/AgCl) was 20-30 times as high as at +700 mV (versus Ag/AgCl) [110].

A bienzyme glucose sensor was fabricated in one step, by De Bendetto et ah, 1996 [111].
Horseradish peroxidase and glucose oxidase were co-immobilised onto a glassy carbon
electrode in an electropolymerised polypyrrole film and the hydrogen peroxide produced
by the oxidase was detected through its HRP mediated reduction in the potential window
0-200 mV versus Ag/AgCl. The response time of the electrode varied with film thickness
(10 secs for a polymerisation charge less than 50 mC/cm^ and up to about 5 min for a
polymerisation charge of 7 C/cm^). The author found that by manipulating experimental
parameters, it was possible to produce a sensor having the desired linear range, response time,
and sensitivity.
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A heterobilayer configuration based on a HRP/pyrrole layer on top of a GOx/pyrrole layer was
described by Shin, Yoon and Kim in 1996. The constructed biosensor measured the anodic
decomposition of hydrogen peroxide at 700 mV versus Ag/AgCl, the function of the HRP was
to oxidise electro-oxidisable compounds before reaching the electrode surface [112]. Table
1.3 details a selection of glucose electrodes based on glucose oxidase immobilised in
conducting polymers.

Table 1.3 Glucose electrodes based on glucose oxidase immobilised in conducting polymers

AUTHORS

METHOD

CHARACTERISTICS

Hu et al.
1999
[113]

A glucose oxidase entrapped in a
polyaniline film, deposited by
potential cycling on the surface of a
Nafion-methyl viologen modified
carbon paste electrode.

Improved sensitivity & selectivity,
detection limit of 9 pM glucose.
Excellent exclusion of interferents.
Reusable 250 times/ 5 weeks @ 0.7
V, pH 5.6

Wang et al.
1999
[114]

Cupric hexacyanoferrate within a
glucose oxidase containing carbon
paste microelectrode.

Low operating potential (-0.2-0.0 V),
one-step preparation.

Miyauchi et
al.l998
[115]

Glucose oxidase covalently
immobilised onto Poly[l-(2carboxethyl)pyrrole film at +1.2 V vs.
SCE, amperometric sensing at +0.35V.

Michaelis-Menton kinetics, linear to
80 mM glucose, sensitivity of 1.7
pA/cm per 1 mM glucose.

Zambonin et
al. 1998
[116]

Glucose oxidase, glutaraldehyde cocrosslinked with BSA on an
overoxidised polypyrrole platinum
electrode. Film grown
galvanostatically, operating potential
of+0.7 V vs. Ag/AgCl.

Michaelis-Menton kinetics, linear to
20 mM, glucose, sensitivity of 84
nA/mM glucose. Free from
interferences & fouling. Results in
serum samples compared well with
standard methods.

Zhong et al.
1998
[117]

Platinum wire with glucose oxidase
covalently immobilised and covered
with a nonconductive
heteropolypyrrole film. Film grown by
potential cycling.

Linear in the range 1-30 mM glucose,
limit of detection 0.05 mM,
sensitivity of 300 nA/mM. Response
time 5-15 secs.
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AUTHORS

METHOD

Losada et al.
1997
[118]

Glucose oxidase covalently bound to
poly-2-aminoaniline film on a
platinised platinum surface via
tetrachloro-1,4-p-benzoquinone
linkage. Working potential +0.25 V,
film coated by potential cycling,
platinisation carried out
potentiostatically.
Glucose oxidase electrochemically
adsorbed onto a platinum electrode,
which was covered with a pyrrole film
at 0.4 V vs. Ag/AgCl. Amperometric
detection of glucose at 0.7 V.
Bare and sputtered platinum electrodes
coated with pyrrole & glucose oxidase
galvanostatically using a current of 1
pA.

Cho et al.
1996
[119]

Van Os et al.
1996
[120]

Shin & Kim
1995
[121]

Okamoto et
al. 1994
[122]

CHARACTERISTICS

Pyrrole films containing glucose
oxidase grown potentiostatically at
750 mV on a platinum working
electrode. Amperometric measurement
at 700 mV vs. Ag/AgCl.
Glucose oxidase cross-linked & non
cross-linked poly(ether amine
quinone) films on carbon paste
electrodes.
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Linear response 0.2-20 mM glucose,
response less than 5 secs. Significant
interference caused by ascorbic acid.
Decrease in response recoverable by
cycling.

Interference by ascorbate suppressed,
no serious restriction of H2O2
diffusion, suggested polypyrrole can
act as diffusional barrier to glucose.
Stability, response and selectivity
described as good, interference free
from ascorbate. Mechanism a
combination of direct & indirect
electron transfer.
Enzyme cone. & film thickness have
equivalent effects on response.
Response time of 25 secs, MichaelisMenton kinetics.
Cyclic voltammetry & constant
applied potential showed fast
response to low concentrations of
glucose (<0.1 mM)

1.5.2.2 Hypoxanthine Enzyme Electrodes
A cross section of the range of electrodes available for hypoxanthine measurement is described
in the following sections.

Arai and Yasumori immobilised xanthine oxidase in a conductive redox polymer,
poly(mercapto-p-benzoquinone), by means of electropolymerisation of mercaptohydroquinone
in the presence of the enzyme. A gold electroplated glassy carbon electrode coated with the
resulting film functioned as a direct response sensor, the polymer film served as a conductor
between the active sites of the enzyme and the transducer. The steady state response of the
sensor was linear up to 50 pM hypoxanthine at a working potential of 0.3 V versus Ag/AgCl.
Dissolved oxygen did not interfere with the electrode response [123].

Ghosh et ah, 1998, developed a xanthine sensor by immobilising xanthine oxidase in
conducting polypyrrole, by potentiostatic electodeposition at 0.8 V versus SCE. Ferrocene
carboxylic acid was used as a mediator while BSA and glutaraldehyde were used as
crosslinkers. The xanthine oxidase electrode showed linear behaviour up to 2 mM
hypoxanthine. The electrode sensitivity decreased gradually and after the 7^^ day, deterioration
was significant [124].

Xue and Mu investigated the bioelectrochemical response of a polypyrrole film incorporating
xanthine oxidase. The electropolymerisation was carried out at a constant potential of 0.7 V
forming a uniform film on the platinum anode. The response current increased linearly with
increasing xanthine concentration from 0.1 to 1.0 mmol dm'^ at +0.6 V versus SCE. The
enzyme had a fast response time and a high operational stability; its activity decreased by 39%
after 120 days. An optimum pH for the electrode was observed at pH 8.4, indicating that the
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electronic state and bioactivity of the enzyme, were not affected by the supporting material, as
the optimum pH of free soluble xanthine oxidase is pH 8.3 [125].

Luong et al., 1991, crosslinked xanthine oxidase with glutaraldehyde on a platinum electrode
and applied an electropolymerised layer of resorcinol and para-diaminobenzene. Various size
coverings of the electropolymerised films were examined and the optimal performance of the
sensor was obtained with the films, which were formed by electropolymerisation in less than 6
minutes. Resulting electrodes were linear from 5 to 300 pM hypoxanthine operating at 0.5 or
0.7 V and had a response time of less than 2 minutes. Stability was good due to the
crosslinking of the enzyme and enzyme electrodes were stable for up to 60 days [126].

Zhao et al., 1996 worked on developing a third generation biosensor, in which no mediator
was necessary due to direct electron transfer between the immobilised enzyme and the
electrode surface. Colloidal gold was used as most macromolecules adsorb on to colloidal gold
with retention of their bioactivity. The electrode was found to have a sensitivity of 39 pA/mM
xanthine and a limit of detection of 0.2 pM xanthine (at +0.4 V versus Ag/AgCl). The
electrode utilises ambient oxygen already dissolved in the aqueous buffer to give an
electrochemical response to xanthine and hypoxanthine. After seven days in storage at 4®C, the
response of the electrode was 70% of the initial response [127].

Sol-gel processes were used by Niu et al. (1999), to fabricate a hypoxanthine biosensor.
Xanthine oxidase was immobilised in the bulk of the silica-graphite matrix, to produce
electrodes where new surfaces could be generated on demand by mechanical polishing. The
immobilised enzyme electrodes could be used in unmediated hydrogen peroxide oxidation
mode, or in unmediated mode or mediated oxygen reduction mode, to result in three different
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types of biosensors with detection limits of 1.3x10'^, 5.6x10*^ and 3.8x10'^ M respectively.
Benzyl viologen was used as the charge transfer mediator. The sensors showed good linear
response over a wide range of concentrations (lx 10'^ to 1x10"^ M) and had a lifetime of more
than two months [128].

Hu and Liu in 1997 developed a xanthine oxidase biosensor using a Nafion-paraquat
chemically modified glassy carbon electrode. Current outputs were recorded at -0.68 V. A
linear response for hypoxanthine from 1x10'^ to 2x10''^ M was observed and the lowest
detection limit was 8x10'^ M. The response time of the sensor was recorded as approximately
60 to 80 seconds and the relative standard deviation for six replicate tests was 1.5%. The
sensitivity of the sensor remained at 68% of the initial level after 32 days in storage [129].

Qiong et al. in 1998 developed a biosensor for monitoring fish freshness. A platinum wire was
used as the base electrode to detect hydrogen peroxide, on to which a silk fibroin film
containing immobilised xanthine oxidase was coated. To limit contamination from the fish
samples, a cellulose acetate film was placed on the electrode surface. The linear range of the
electrode was from 1x10'^ to 1x10'^ M and the detection limit was 1x10'^ M. The response of
the electrode to hypoxanthine decreased by 30% over six weeks or 400 assays [130].

In 1995 Yano et al. prepared an enzyme electrode with xanthine oxidase immobilised by
glutaraldehyde treatment to a platinum electrode. A Nafion membrane formed over the
immobilised enzyme, eliminated interference from uric acid. A polycarbonate membrane was
placed over the Nafion membrane to strengthen the surface of the enzyme electrode. The
electrode exhibited a linearity between 0.05 and 1.0 pM hypoxanthine and had a coefficient of
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variation of 1.09% for 0.25 U/ml hypoxanthine solution. The activity of the xanthine sensor
decreased to 16% of its original response after 3 weeks and to 0% after 4 weeks [131].

An overview of work carried out by other authors is provided in Table 1.4.

Table 1.4 Hypoxanthine enzyme electrodes
AUTHOR
Park et al. 2000
[132]
Mascini et al. 1997
[133]

Luong et al. 1996
[134]

Watanabe et al.
1988
[135]

METHOD

CHARACTERISTICS

Enzyme-bonded chitosan
porous beads (Chitopearl) for
flow injection analysis
Xanthine oxidase
immobilised in
aminopropylsaline on
carbon-based screen-printed
electrodes
Deflavo xanthine oxidase,
crosslinked with
glutaraldehye, retained by a
nylon membrane
Xanthine oxidase
immobilised on triacetly
cellulose membranes
containing 1,8-diamino-4aminomethyloctane.

Linear up to 4 mM, results
agreed with those of standard
methods
Linear up to 50 uM
hypoxanthine, detection limit
of 1 uM, response time of 30
secs.
Detection limit of 0.1
uM,sensitivity retained 80%
of its value after 30 days.
Linear relationship up to 5
mM hypoxanthine.

1.6 APPLICATIONS OF ENZYME ELECTRODES

A variety of niches are available for exploitation by biosensors, including medical diagnostics,
environmental control and monitoring/analysis in the pharmaceutical and food industries. The
balance between market opportunities and technical/fmancial obstacles will control future
expansion of biosensor technology. The application of glucose and hypoxanthine biosensors is
examined in the following sections.
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1.6.1 Applications of Glucose Enzyme Electrodes
Presently the only high-volume market for biosensors is that of glucose sensing for control of
diabetes. Diabetes is the most frequently encountered disorder of carbohydrate metabolism and
results in elevated blood glucose concentration. The development of a successful test for blood
glucose presents a number of challenges in addition to those normally demanded of a clinical
method [136]. Criteria for a successful test include;
> That it should be small, portable and inexpensive.
> Use undiluted blood and only require a small volume (as obtaining blood samples on a
daily basis can be a painful process) should be required for testing.
> Tests should be single use and disposable so as to ensure no contamination from
previous tests.
>

Changes in temperature and environment should not affect the test and a lifetime of at
least twelve months should accompany it.

> The calibration of the test should remain stable for the shelf life of the test. This is
essential, as any recalibration would have to be preformed by the end user, which
would be too complicated to carry out in normal daily practice.
> Be capable of mass production and be low in cost.
> Be easy to use. Diabetics range in age from the very young to the very old and so the
test should be technically very simple with a very clear display of the results.

An examination of current biosensor literature shows how dominant glucose monitoring has
become as the model for research activity in this field. The importance of glucose as an analyte
is obviously a major contributing factor, which is enhanced by many situations in which a
portable or decentralised test instrument could be useful. There is a strong demand for
biosensors in the food produce industry to follow various steps in production and control the
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quality of final products. For instance Dremel and co-workers in 1989 reported on the use of a
glucose biosensor based on an oxygen electrode with immobilised glucose oxidase for the
determination of glucose in wine and fruit juiee [137]. Other applieations reported to date
include; monitoring of food and drinks [138]. The “Model 2700 Industrial analyser” marketed
by YSI, is generally aceepted within the sugar, molasses and confeetionary industry as
providing a standard method for determining levels of glucose and sucrose. The system
consists of a platinum electrode poised at +0.7 V (versus Ag/AgCl) for detection of hydrogen
peroxide in conjunction with various membranes containing appropriate immobilised oxidase
enzymes [139]. Glucose biosensors have also been reported for fermentation monitoring [140].

1.6.2 Applications of Hypoxanthine Enzyme Electrodes
Quality control is of great importance in the food industry and a rapid non-destructive method
for monitoring fish meat quality during processing, transportation and marketing is a
requirement, of the marine food industry. Immediately after the death of fish, adenosine-5triphosphate (ATP) commenees to degrade progressively to hypoxanthine and xanthine
according to the following autolytic pathway [141].
ATP

(a)

^ADP

{/>)

■>AMP

ic)

->1MP

(d)

(/)

(1.42)

Where ADP and AMP are adenosine diphosphate and adenosine monophosphate, respectively.
IMP and HxR are adenosine monophosphate and inosine and Hx and X are hypoxanthine and
xanthine. While IMP is one of the major factors contributing to the flavour of fresh fish, the
accumulation of the Hx and/or X results in the bitter “off-taste”. The objective determination
of fish freshness has been subject to many studies and some composite indices based on the
concentrations of the aforementioned nucleotides have been proposed. However, in most
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instances the rate determining step is either (e) or (f) depending on the fish species. Therefore
the accumulation of HxR or Hx may be used as an indicator of fish freshness [142, 143]. Early
methods developed for assaying hypoxanthine in tissue extract such as paper chromatography
[144], anion-exchange chromatography and precipitation [145] are complicated and time
consuming. Hypoxanthine was also monitored by reacting it with soluble xanthine oxidase and
the end-products, uric acid and hydrogen peroxide were determined spectrophotometrically.
Development of an efficient and cheap sensor to monitor the quality of fish is therefore, a
desired objective.

1.7 OBJECTIVE OF THESIS

The objective of this research project was to develop and characterise glucose and
hypoxanthine amperometric electrodes. This was achieved by the co-immobilisation of
glucose oxidase or xanthine oxidase as appropriate in poly (o-phenylenediamine) on a
platinum transducer. The enzyme/polymer membrane was formed by potentiostatic
electropolymerisation from an aqueous solution of enzyme and monomer. Following
optimisation of the experimental conditions of electropolymerisation, operating parameters
such as pH, potential, temperature and membrane composition were optimised. The analytical
performance of the electrodes was evaluated in terms of sensitivity, linear range, response
time, selectivity and stability.

Figure 1.7 depicts a simplified overview of the steps involved in achieving the overall
objective of this project.
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Figure 1.7 Simple overview of steps involved in development and characterisation of
electrodes.
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Chapter 2; Materials and Methods

2.1 INTRODUCTION

This chapter describes the instrumentation, techniques and methodologies employed in
developing, optimising and characterising glucose and hypoxanthine electrodes.

2.2 VOLTAMMETRY
Voltammetry comprises a number of electroanalytical methods, in which information about
the analyte is derived from the measurement of a current as a function of applied potential,
obtained under conditions that encourage polarisation of the working electrode. In
voltammetry, a minimal consumption of the analyte takes place. Inorganie, physical and
biological chemists use voltammetry for studies of the following; oxidation and reduction in
various media, adsorption processes on surfaces and electron-transfer mechanisms at
chemically modified electrode surfaces. Modifications of voltammetric techniques that
enhanced its sensitivity and selectivity took place during the mid 1960’s and this coupled with
the advent of low-cost operational amplifiers has resulted in a renewed interest in using the
technique.

2.2.1 Linear Scan Voltammetry
In linear scan voltammetry the potential of the working electrode is inereased or decreased at a
typical rate of 2 to 5 mV/sec and the resultant current is measured. Figure 2.1 shows the
components involved in linear scan voltammetry. The cell contains the analyte of interest in an
excess of electrolyte solution (which is non-reactive) and three electrodes - working, reference
and auxiliary. The working electrode’s potential is varied linearly with time and to prevent it
becoming polarised its dimensions are kept small. The reference electrode is held at constant
potential throughout the experiment. Electricity is conducted via the third electrode i.e. the
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auxiliary electrode. The electrical resistance of the control circuit containing the reference
electrode is so large that the current in it is negligible. The entire current is carried from the
auxiliary to the working electrode and this current is adjusted by the control circuit, so that the
potential between the reference and working electrode is identical to the output potential [1]. A
plot of current as a function of potential applied to the working electrode is known as a
voltammogram.

Figure 2.1 Components of linear scan voltammetry

2.2.2 Chronoamperometry
Chronoamperometry is a technique different but closely related to linear scan voltammetry.
Instead of the potential being swept, it is stepped in a square-wave fashion to a potential
equivalent to where the peak would appear in linear sweep voltammetry. The current is then
monitored as a function of time. The current decays because of the collapse of the diffusion
layer. The decay is shown to be proportional to the reciprocal of the square root of time, as
shown in the Cotrell equation:
.
1d.,

nFADC^^
=

_l/2.l/2
71
t
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(2.1)

where id is the current, n the number of electrons involved in the electrochemical oxidation of
the product, F is faradays constant, A is the area of cross section plane, D is the diffusion
coefficient and Cox is the concentration of the substance being oxidised. From this equation,
for a given system at a given time, it can be seen that the current is proportional to the
concentration of the species of interest.

With certain cell and electrode configurations, the decaying current reaches an approximate
steady state after a certain time. The current has then become independent of time and can be
described by the equation:
.

nFADCp,

1 =

S

(2.2)

where 6 is a constant related to the diffusion layer thickness. Amperometry is the usual name
applied to the chronoamperometric technique. In the case of amperometric sensors, a voltage is
applied between the working and reference electrodes, which forces non-spontaneous electron
transfer reactions to occur. In amperometry, the response is a large faradic current, resulting
from the heterogenous electron transfer, of solution species undergoing oxidation/reduction
reactions. Steady state is a condition, at which the rates of diffusion at the electroactive surface
are equal.
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2.3 APPAEIATUS

2.3.1 Potentiostat
Electropolymerisation and steady state amperometric studies were performed using a
potentiostat (EG&G, Princeton Applied Research, model 264A) capable of measuring in the
nano-ampere range. The output from the instrument was coupled to a “Gateway 2000”
computer using a Picolog ADC-16 high resolution data logger (Pico Technology Ltd.). The
current generated by the electrochemical cell was measured by the potentiostat and sent to the
Picolog as a voltage. The picolog converts the analogue signal to a digital signal and sends this
signal to the computer via an RCS port. The potentiostat follows the US Electrochemists’
polarity convention; i.e. a positive current is cathodic (reduction of species of interest at the
working electrode), whereas a negative current is anodic (oxidation of species of interest at the
working electrode).

2.3.2 Electrochemical Cell
A standard one-compartment, three-electrode, glass electrochemical cell (depicted in Figure
2.2) was employed in the studies. It consisted of a working electrode, on to which enzymes
were immobilised in an electropolymerised film, a reference electrode, which maintained a
constant reference potential and an auxiliary electrode, which allowed passage of current. The
cell had a maximum volume of 10 cm^. It’s teflon lid was perforated, to allow for saturation
of the solution with an inert gas and to allow for sample introduction. The working electrode
was a platinum disc, 1.6 mm in diameter embedded in a 7.5 cm x 6 mm plastic rod (BAS-MF2013). An Ag/AgCl/KCl (3 M) reference electrode utilising a porous vycor junction was
employed (BAS-RE-5B). The auxiliary electrode was a platinum wire, 0.5 mm in diameter and
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6 cm in length (BAS-MW-4130). The auxiliary electrode was positioned next to the working
electrode, so as to minimise cell resistance as shown in Figure 2.2.

Figure 2.2 Schematic representation of the electrochemical cell

Auxiliary Electrode

Figure 2.2 Schematic representation of electrochemical cell showing, working, reference and auxiliary electrode.
Also shown are teflon lid and stirbar.
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2.4 MATERIALS AND REAGENTS

Details of materials employed in this study are shown in Table 2.1, All solutions were
prepared using analytical grade reagents, which were used without further purification unless
otherwise stated. Water, purified using an “Elgastat” purifier, was used throughout in solution
preparation. Enzymes were stored in the refrigerator when not in use. Glucose stock standard
solutions were freshly prepared on a weekly basis in phosphate buffer (0.1 M, pH 7.0) and
allowed to mutarotate at room temperature prior to use. Phosphate buffer (0.1 M, pH 7.0) was
prepared, using 300 cm^ of 0.2 M sodium hydroxide and 500 cm^ of 0.2 M potassium
dihydrogen phosphate, the final volume being adjusted to 1000 cm^. The pH of the resulting
solution was adjusted using either 0.1 M sodium hydroxide or 0.1 M hydrochloric acid.
Standard stock solutions of xanthine and hypoxanthine were prepared as 0.1 M in 0.1 M
sodium hydroxide. This stock solution was diluted to give solutions of xanthine and
hypoxanthine which were 0.01 M in phosphate buffer (0.1 M, pH 7.5).
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Table 2.1 Materials employed in study
Material
Glucose oxidase from aspergillus

Source

Grade

Storage

Sigma

158U/mg

4^C

Sigma

Type 11-158
U/mg

4°C

niger (EC 1.1.3.4)
Peroxidase from horseradish
(EC 1.11.1.7)
Xanthine oxidase from bovine milk

Calbiochem

14.43 U/ml

4°C

(EC 1.2.3.2)
o-Phenylenediamine

Sigma

Free Base

rc

Glucose

BDH

GPR

25 "C

Hypoxanthine

Calbiochem

GPR

25"C

Xanthine

Calbiochem

GPR

25"C

Ascorbic Acid

BDH

GPR

25"C

Uric Acid

BDH

GPR

25"C

Potassium Dihydrogen Phosphate

Merck

GPR

25°C

Sodium Hydroxide

Merck

GPR

25'’C

Potassium Dichromate

BDH

GPR

25 ^C

Sulphuric Acid

Merck

GPR

25 ^C

Hydrochloric Acid

Merck

GPR

25‘’C

Nitric Acid

Merck

GPR

25 "C

Acetaminophen

Merck

GPR

25T

Hydrogen Peroxide

Merck

GPR

25"C
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2.5 ACTIVATION OF PLATINUM ELECTRODES

2.5.1 Procedure
Prior to electropolymerisation of the polymer with entrapment of enzymes, all electrodes were
cleaned using the following procedure; electrodes were first submerged in a solution of
chromosulphuric acid for approximately five minutes (100 g K2Cr204/1000 cm H2SO4). The
electrodes were then removed, rinsed with deionised water and placed in aqua-regia (3:1 cone,
hydrochloric acid: cone, nitric acid) for a further five minutes. Following this treatment,
electrodes were rinsed and ultrasonically cleaned with deionised water for five minutes. The
electrodes were then electrochemically cleaned, by cycling from -1.0 to +1.0 V versus
Ag/AgCl in 0.1 M sulphuric acid, at a scan rate of 20 mV/sec, for a single cycle and then held
at a constant potential of +0.4 V versus Ag/AgCl until the steady state background current
decayed. Following this treatment, the electrodes were again ultrasonically cleaned in
deionised water. Immediately prior to electropolymerisation, electrodes were subjected to
electrochemical cycling in phosphate buffer, from -1.5 V to +1.5 V versus Ag/AgCl, for half a
cycle at 5 mV/sec.

2.5.2 Preparation of Platinum/Horseradish Peroxidase Adsorbed Electrodes
To investigate the effect of the activation process described above, the response of a bare
platinum electrode to hydrogen peroxide (0.1 M) was compared to that of; (a) a similar
electrode with horseradish peroxidase adsorbed on its surface (nonactivated HRPads) (b) a
platinum electrode activated with horseradish peroxidase adsorbed on its surface (activated
HRPads).
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Immobilisation of peroxidase by adsorption was carried out by placing the treated platinum
electrode in a solution of peroxidase (100 U/ml) for 5 minutes. The steady state current
response of the electrodes to hydrogen peroxide (0.1 M) was recorded using linear scan
voltammetry, in the potential range of-0.2 to +0.7 V versus Ag/AgCl at a scan rate of 5
mV/sec.
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2.6 CALIBRATION OF PLATINUM ELECTRODES

The cleaned activated platinum electrodes were checked for their steady state cathodic
response to hydrogen peroxide standards, in phosphate buffer (0.1 M, pH 7.0), in the
concentration range 0-1000 pM. Electrodes were labelled, marked appropriately and their
testing was randomised. An electrode potential of 0.65 V versus Ag/AgCl was used, enabling
efficient electrooxidation of hydrogen peroxide at the platinum surface. All tests were carried
out in triplicate. A total of five electrodes were investigated. The change in current versus the
hydrogen peroxide concentration was plotted and the slope of the linear portion calculated
using a correlation coefficient at r^= 0.995 for establishing linearity. The sensitivities of the
electrodes were statistically analysed using ANOVA, (LSD tests) to investigate if a significant
difference existed between them.
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2.7 DESIGN AND DEVELOPMENT OF GLUCOSE ENZYME KLECTRODF

2.7.1 Overview
Glucose oxidase and horseradish peroxidase were co-immobilised in electropolymerised ophenylenediamine (OPD), by a modification of the method outlined by Malitesta (1990) [2].
Although the exact mechanism of the OPD electrooxidation is uncertain, it is thought to
proceed as illustrated in Figure 2.3 [3]. Oxidation of the OPD anion, dihydrophenazine (PH2),
at the electrode surface produces a radical, phenazyl (PfI*), or its protanated anion doped
form, the phenazyl salt (PH2^A'). This can be oxidised further in a second single electron step
to phenazine (P), or its protonated anion doped form, phenazine salt (PfrA'). Subsequent
reactions then produce oligomers and finally, polymeric material at the electrode surface.

Figure 2.3 Proposed mechanism of OPD electro-oxidation

(PH^) H

(PH^A-

(PHV) H A’
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2.7.2 Preparation of Enzyme Electrodes
Enzyme electrodes were prepared using the experimental set-up described in section 2.2. A 5
cm aliquot of phosphate buffer (0.1 M, pH 7.0), containing OPD (100 mM) and appropriate
amounts of glucose oxidase and peroxidase, was placed in the electrochemical cell. The
solution was deaerated by purging with nitrogen gas for 15 minutes prior to
electropolymerisation. This avoids air oxidation of OPD, which could introduce contaminants
into the film. Electropolymerisation of OPD, with entrapment of enzymes, was performed by
potentiostatic growth at 0.6 V versus Ag/AgCl, for 15 minutes, in a nitrogen environment. All
electrodes were grown from freshly prepared solutions. Following electropolymerisation the
electrodes were thoroughly washed in phosphate buffer (0.1 M, pH 7.0) to remove any loosely
bound enzyme. Electrodes were stored in phosphate buffer (0.1 M, 4^C) when not in use.

2.7.3 Calibration and Characterisation of Electrodes
The kinetic and analytical properties of all electrodes developed were studied using steady
state amperometry. In all experiments, the background current (which was measured by
placing the electrodes in 5 ml of buffer solution with the working electrode polarised at the
optimal potential), was allowed to decay to a steady state before starting the experiments. The
measured background current was subsequently deducted from the measured electrode
response. Therefore, the electrode responses (i.e. the measured currents) presented, are as a
result of the faradaic processes at the enzyme-modified electrode. All experiments were
performed at room temperature (24 ± 2^C) unless otherwise stated.
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Enzyme electrodes were tested for their response to glucose in the concentration range 0-15
mM. The concentration of glucose in the reaction cell was adjusted by spiking 5 mis of
phosphate buffer (0.1 M, pH 7.0) with an appropriate aliquot of 0.1 M glucose stock solution.
A typical calibration curve is shown in Figure 2.4.

Figure 2.4 Calibration curve for glucose electrode

Figure 2.4 Typical cathodic steady state current response curve, at an applied potential of 0.0 V versus Ag/AgCl,
for an electrode prepared from an electrodeposition solution containing, 100 U/ml GOx, 50 U/ml HRP and 100
mM OPD in phosphate buffer (0.1 M, pH 7.0),

Electrodes were tested in triplicate immediately after preparation. After each test run, the
electrodes were removed from the reaction cell, rinsed with buffer and then placed back in the
cell containing fresh buffer solution. Only when the current decayed to a low value, was the
next test run commenced.

The linear range of the electrode was determined from correlation plots. The correlation co
efficients, between all the data points in the calibration curve, were determined and plotted
against substrate concentration. A typical correlation curve is shown in Figure 2.5.
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Figure 2.5 Correlation plot used to establish linearity.

Figure 2.5 Typical Correlation Curve used to establish linearity, for glucose electrode tested in phosphate buffer
(0.1 M, pH 7.0), at an applied potential of 0.0 V versus Ag/AgCl (electrode prepared from an electrodeposition
solution containing 100 U/ml GOx, 50 U/ml HRP and 100 mM OPD),

A line drawn at the threshold limit of 0.995 was used to calculate the linear range of the
electrode.

1 he sensitivity of the electrodes was then determined, by calculating the slopes of the linear
portion of the response curve.

The current was calculated from the calibration curves at 14 mM glucose.

2.7.4 Optimisation of Operating Parameters
Operating parameters such as pH of the electrolyte solution, applied potential and temperature,
effect the response of enzyme electrodes. To investigate the influence of such parameters, the
amperometric behaviour of a glucose electrode (prepared using 100 U/ml GOx, 50 U/ml HRP
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and 100 mM OPD) was studied (in a stirred solution) as detailed below. All measurements
were carried out in duplicate.
The optimum operating pH was determined by investigating the steady state cathodic current
response of a glucose electrode, to 1 mM glucose in phosphate buffer (0.1 M), at an applied
potential of 0.0 V versus Ag/AgCl. The pH of the solution was varied from 5.5 to 8.5 in 0.5
pH unit intervals, using 0.1 M NaOH.

Having optimised the pH of the electrolyte solution, the optimum operating potential was
determined by investigating the response of the glucose electrode, to 1 mM glucose in
phosphate buffer (0.1 M, pH 7.0) in the potential range -0.2 to +0.2 versus Ag/AgCl using
linear scan voltammetry, at a scan rate of 2 mV/sec.

To investigate the influence of temperature on electrode response, the steady state cathodic
current generated by a 1 mM glucose standard in phosphate buffer (0.1 M, pH 7.0) was
measured in the temperature range 25^C to 65^C at 5^C intervals.

2.7.5 Optimisation of Membrane Composition
The condition of preparing biosensors has been known to affect the performance of the
resulting electrode. Therefore, the effects of such parameters, as OPD and enzyme
concentration in the electrodeposition solution were investigated.

2.7.5.1 Influence of o-Phenylenediamine Composition on Electrode Response
Enzyme electrodes were prepared from an electrodeposition solution, containing 100 U/ml
GOx and 50 U/ml HRP with OPD concentration at two levels; 50 mM or 100 mM. Electrodes
were randomly prepared and tested in triplicate. The electrodes were then compared, in terms
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of sensitivity, linear range and eurrent to establish the influence of OPD concentration on
electrode response.

2.7.5.2 Influence of Enzyme Concentration on Electrode Response
Having optimised the concentration of OPD in the electrodeposition solution, the influence of
the concentration of the enzymes, glucose oxidase (GOx) and horseradish peroxidase (HRP),
was investigated. Electrodes were prepared from solutions containing 100 mM OPD and with
each enzyme at four different levels (varying from 50 U to 500 U of enzyme per ml of
electrodeposition solution). Enzyme compositions of the electrodeposition solution are
outlined in Table 2.2 (i.e. the quantity of one component was varied while the other was
maintained constant). A total of 16 different enzyme combinations were investigated. The
preparation of electrodes was completely randomised, to ensure data collection was free of
experimentally accountable trends and patterns. Electrodes were then prepared and tested in
triplicate, giving a total of 48 electrodes and 164 test runs. The performance of the electrodes
was evaluated in terms of linear range, sensitivity and current at 14 mM glucose. The results of
this optimisation study were statistically analysed by SPSS (Statistical Package) as described
in section 2.9.
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Table 2.2: Enzyme composition of electrodeposition solutions for glucose electrodes

5
6
7

GOx
(U/ml of coating soln.)
50
50
50
50
100
100
100

HRP
(U/ml of coating soln.)
50
100
250
500
50
100
250

8

100

500

9

250

50

10
11

250
250
250
500
500
500
500

100
250
500
50
100
250
500

Electrode Number
1
2
3
4

12
13
14
15
16

2.7.6 Analytical Performance of the Electrodes
Having optimised operating parameters and membrane composition, the analytical
performance of optimised electrodes was evaluated in terms of sensitivity, linear range, current
at 14 mM, response time, limit of detection, selectivity and stability, as described in the
following sections. Unless otherwise stated an electrode prepared with an electrodeposition
solution containing 100 U/ml GOx, 50 U/ml HRP and 100 mM OPD was used. All tests were
performed in triplicate, at an applied potential of 0.0 V versus Ag/AgCl.

The response time, i.e. the time for the electrodes to reach a steady state was examined on an
injection of 50 pL of 0.1 M glucose into 5 mis of phosphate buffer (0.1 M, pH 7.0).
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The limit of detection of the electrodes was calculated using the formula
3S(i/m were m is the slope of the linear calibration graph and Sd is the standard deviation.

The selectivity of the electrodes to interferences commonly found in biological, clinical and
food samples was investigated. The response of the enzyme electrodes to 0.05 mM Ascorbic
acid, 0.5 mM Uric acid and 0.1 mM Acetaminophen, in the presence of 1 mM glucose, in 5
mis of phosphate buffer (0.1 M, pH 7.0) was checked.

The long-term stability of the electrodes was evaluated by calibrating an electrode (linear
range and sensitivity) over a period of 30 days. The electrode was checked daily and stored in
phosphate buffer at 4^C when not in use.

The influence of immobilisation on enzyme kinetics was investigated using Lineweaver-Burk
plots.

The influence of immobilisation on activation energy was investigated using Arrhenius Plots.
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2.8 DESIGN AND DEVELOPMENT OF A HYPOXANTHINE ENZYME
ELECTRODE

2.8.1 Overview
Enzyme electrodes were prepared for hypoxanthine analysis, utilising the parameters and
conditions optimised for the glucose system where appropriate. Xanthine oxidase and
horseradish peroxidase were co-immobilised in OPD, by electropolymerisation on an activated
platinum surface, as described for the glucose system in section 2.7.

2.8.2 Preparation of Enzyme Electrodes
Hypoxanthine electrodes were prepared using the experimental set up described in section 2.2.
5 cm solution of phosphate buffer (0.1 M, pH 7.5) containing OPD (100 mM) and appropriate
amounts of xanthine oxidase and horseradish peroxidase were placed in the reaction cell. The
solution was deaerated, using nitrogen gas, for 15 minutes, prior to electropolymerisation.
Electrodeposition of OPD and entrapment of the enzymes, was performed by potentiostatic
growth at 0.6 V versus Ag/AgCl for 15 minutes, in a nitrogen environment. Following
electropolymerisation the electrodes were thoroughly washed in phosphate buffer (0.1 M, pH
7.5) to remove any loosely bound enzyme. All electrodes were grown from freshly prepared
solutions. Electrodes were stored in phosphate buffer (0.1 M, pH 7.5) when not in use.
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2.8.3 Optimisation of Operating Parameters
The optimum operating pH of electrolyte solution was determined by investigating the steady
state response of an electrode (prepared using 1 U/ml XOD, 50 U/ml HRP and 100 mM OPD
in the electrodeposition solution) to 50 pM hypoxanthine at -O.IV versus Ag/AgCl. The pH of
the solution was varied from 5.5 to 8.5 in 0.5 pH unit intervals.

Having optimised the pH of the electrolyte solution the operating potential was optimised. The
response of an electrode prepared as above was investigated in the potential range of -0.2 to
+0.2 V versus Ag/AgCl using linear scan voltammetry, at a scan rate of 5 mV/sec.

To investigate the influence of temperature on electrode response, the steady state cathodic
current was measured in the temperature range 25^C to 65^C, at 5^C intervals, for a 10 pM
hypoxanthine standard in phosphate buffer (0.1 M, pH 7.5).

2.8.4 Optimisation of Membrane Composition for Hypoxanthine Electrodes
Following the optimisation studies carried out for the glucose electrode (section 2.7), an
optimum horseradish peroxidase level of 50 U/ml and OPD at 100 mM in the
electrodeposition solution, was used in the preparation of all hypoxanthine electrodes. The
xanthine oxidase concentration in the electrodeposition solution was varied from 0.5 - 2 U/ml.
The composition of electrodeposition solutions used are detailed in Table 2.3. Electrodes were
randomly prepared and tested in triplicate.
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Table 2.3: Enzyme composition of electrodeposition solutions for hypoxanthine electrodes
Electrode Number
1

HRP
XOD
(U/ml of coating soln) (U/ml of coating soln.)
0.5
50

2

1

50

3

2

50

2.8.5 Characterisation and Calibration of Enzyme Electrodes
Electrodes were prepared and characterised as outlined in section 2.7.3 for glucose electrodes.
Electrodes were tested for their response to hypoxanthine, in the concentration range 0-160
pM. The concentration of hypoxanthine in the reaction cell was adjusted by injecting an
appropriate aliquot of 0.01 M hypoxanthine stock to 5mls of phosphate buffer (0.1 M, pH 7.5).
Electrodes were tested in triplicate immediately after preparation. Linear range, sensitivity and
current at 150 pM were evaluated. Results were analysed using SPSS (statistical package) as
described in section 2.9.

2.8.6 Analytical Performance of Hypoxanthine Enzyme Electrodes
Having optimised operating parameters and membrane composition, the analytical
performance of optimised electrodes was evaluated in terms of sensitivity, linear range, current
at 150 pM, response time, limit of detection and selectivity, as described in the following
sections. Unless otherwise stated an electrode prepared with an electrodeposition solution
containing 1 U/ml XOD, 50 U/ml HRP and 100 mM OPD was used. All tests were performed
in triplicate at an applied potential of -0.1 V versus Ag/AgCl.
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The response time i.e. the time for the electrodes to reach a steady state was examined on an
injection of 50 pL of 0.01 M Hypoxanthine, into 5 mis of phosphate buffer (0.1 M, pH 7.5).

The limit of detection of the electrodes was calculated using the formula
3Sd/m were m is the slope of the linear calibration graph and Sd is the standard deviation.

The influence of immobilisation on enzyme kinetics was investigated using Lineweaver-Burk
plots.

The influence of immobilisation on activation energy was investigated using Arrhenius Plots.
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2.9 STATISTICAL ANALYSIS

Correlation coefficients were calculated and used to establish the linear range of electrodes.

Using graphical figures of electrode linear response, linear regression lines were used and the
slopes of these lines were used to calculate the sensitivity of the electrodes.

Further statistical analysis was carried out using Statistical Package for the Social Sciences
(SPSS) version 10.

Normality tests were carried out to determine if data was normally distributed using the
Shapiro-Wilk test, which is based on the largest absolute difference between the observed and
the expected cumulative distributions.

Analysis of variance (ANOVA), was used to investigate the effect of GOx concentration, HRP
concentration and run on sensitivity, linear range and current. Once it had been determined that
differences existed amongst the means, a significant difference test (least significant difference
(LSD)) was used. This test is equivalent to multiple individual t tests, between all pairs of
groups and yields different group means at alpha levels of 0.05, 0.01 and 0.001. Comparisons
are made on unadjusted values. If there was more than one dependent variable, the LSD tests
were performed for each dependent variable separately.

85

An analysis of variance was performed on slope, saturation current and range with the
following model:
= // +G, + H, + R, + (G*H), + (G*R),, + (H*R), + (G*H*R),a + e,,/
Where Yijki was the slope, saturation current or range,
p was the population mean
G, was the fixed effect on the ith GOx concentration (i-\ to 4).
Hj was the fixed effect of theyth HRP concentration (/'^l to 4)
Rk was the fixed effect at the Ath run {h=\ to 3)
(G*H),y was the fixed effect of the interaction between GOx concentration and HRP
concentration.
^ijki was the residual error associated with the Qijkith, record.
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Chapter 3: Results & Discussion

3.1 INTRODUCTION

The biocatalytic reactions used by the bienzyme electrodes developed in this work
involved:
(a) the oxidation of substrate (glucose or hypoxanthine) catalysed by the oxidase
enzyme (glucose oxidase or xanthine oxidase) to form products, gluconic acid
or uric acid and hydrogen peroxide; and
(b) the reduction of hydrogen peroxide catalysed by horseradish peroxidase.
The biocatalytic reactions for glucose, hypoxanthine and hydrogen peroxide are
illustrated in schemes 1,2 and 3 respectively.

Scheme 1: Biocatalytic reaction for glucose electrode

2H20<^HRP

^ E-FAD

Transducer

HRP,ed ^

B-D-glucose
2H'

GOx
5-gluconolactone

H2O

^

O2

E-FADH2

D-gluconate +

Scheme 1: Biocatalytic reaction for glucose electrode, showing products and reactants of reaction
catalysed by glucose oxidase and horseradish peroxidase.
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The concentration of glucose was monitored, by measuring the reduction current at
0.0 V versus Ag/AgCl. Mediators were not employed in the study. Consequently the
amperometric signal used for monitoring the process corresponds to the reduction of
oxidised HRP.

Scheme 2: Biocatalytic reaction for hypoxanthine electrode.

HRPc
2H2O

Transducer

Hypoxanthin^-

^ L-PAD

H20r> HRP,ed
2K

XOD
xanthine

H2O

^"'^-FADH?

O2

Uric acid + H

Scheme 2: Biocatalytic reaction for hypoxanthine electrode, showing products and reactants of
reaction catalysed by xanthine oxidase.

The concentration of hypoxanthine was monitored by measuring the reduction current
at -0.1 V versus Ag/AgCl. As for glucose electrodes, mediators were not employed in
this study and consequently the amperometric signal corresponds to the reduction of
oxidised PfRP.
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Scheme 3: Reaction scheme for reduction of hydrogen peroxide by horseradish
peroxidase.

2H2O

Comp. I

HRP

H2O2

Como II

electrode

^native

Scheme 3: Reaction scheme for reduction of hydrogen peroxide catalysed by horseradish peroxidase

The oxidation of HRPnative is brought about by hydrogen peroxide in a single step, two
electron process, resulting in water and the oxidised form of HRP (denoted compound
I). The re-reduction of compound I back to the enzyme’s native form occurs in two
separate one-electron steps, whereby compound II, the intermediate form, is formed
as depicted in Scheme 3.
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3.2 ACTIVATION OF PLATINUM ELECTRODES

The platinum electrodes were cleaned and activated by successive treatments in
chromosulphuric acid and aqua-regia, followed by electrochemical cycling in
sulphuric acid and phosphate buffer as described in section 2.5. The electrochemical
cycling introduces oxygen containing functionalities, able to mediate electron transfer
from the electrode surface to HRP in schemes 1, 2 and 3. The effectiveness of the
activation process was investigated using platinum/HRPads electrodes, prepared as
described in section 2.5.2.

HRP

was adsorbed on a clean platinum electrode having undergone activation

(activated HRPads) and its response to hydrogen peroxide (O.IM) in phosphate buffer
(O.IM, pH 7.0) was compared to that of:
(a) horseradish peroxidase adsorbed electrode, which was not activated
(non activated HRPads); and
(b) a bare platinum electrode, which had been cleaned but not
activated.
The current response of the electrodes was investigated using linear scan voltammerty
in the potential range of-0.2 to +0.7 V versus Ag/Cl, at a scan rate of 5 mV/sec. A
voltammogram of the results obtained is depicted in Figure 3.1.
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Figure 3.1 Voltammogram of hydrogen peroxide reduction

Bare platinum

Activated HRPads-----------Nonactivated HRPads

Figure 3.1 Voltammogram of hydrogen peroxide reduction current versus applied potential at bare,
activated HRPads, and nonactivated HRPads electrodes.

Electrodes that were electrochemically pre-activated (activated HRPads) generated a
larger current response than bare platinum or nonactivated electrodes. The lowest
current response was observed (in the potential region of -0.2 to +0.2 V versus
Ag/AgCl) with the bare platinum. Nonactivated HRPads electrodes gave an increase in
current response in this potential region. This indicates that HRP catalysed the
reduction of H2O2 at the electrode and agrees with reaction scheme 3 (section 3.1).
However, the highest current response was observed for the HRPads activated
electrode. The activation process had the effect of increasing the steady state response
of the HRPads electrodes to hydrogen peroxide and overall the combination of
horseradish peroxidase and activation, increased the steady state response of the
platinum surface to hydrogen peroxide by 73%.
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These results compare well with those reported by De Benedetto et al. [1]. The
authors prepared a glucose electrode, based on glucose oxidase and horseradish
peroxidase, immobilised in a polypyrrole membrane on a carbon electrode. They
claimed that activation by electrochemical cycling was necessary in order to obtain a
steady state response to glucose. Other workers reported similar findings [2, 3].

Platinum electrodes were first rendered more active by pulsing the electrode between
anodic and cathodic potentials by Hammett [4]. The anodic-cathodic treatment results
in the removal of adsorbed impurities from the electrode surface, to give a cleaner
more active surface. However, there is disagreement on the mechanism of surface
activation. Several workers [4, 5] have reported changes in surface topography as a
result of such anodic-cathodic treatment. Such surface roughening has been attributed
to a re-distribution of surface metal ions as a direct result of the formation and
breakdown of platinum-oxygen bonds. Untereker and Brukenstein illustrated the
importance of dissolution and redeposition in the process of roughening of platinum
on potential cycling [6]. On any anodic-cathodic treatment, metal dissolves on the
anodic sweep and a fraction of it is redeposited on the cathodic sweep. Thus, this
process is equivalent to, surface evaporation and selective condensation, to produce a
clean, fresh, metal surface. An electrode will adsorb impurities only on the bare metal
surface and electrodes may be maintained active by holding the electrode potential in
the oxygen adsorption region. With the platinum electrode held at an anodic potential
the organic impurities are oxidised to completion.
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3.3 CALIBRATION OF PLATINUM ELECTRODES

Prior to electrosynthesis of enzyme electrodes, the platinum electrodes, having
undergone the activation process outlined in the previous section, were tested for their
response to hydrogen peroxide. The steady state current response of activated
platinum electrodes, to hydrogen peroxide in the concentration range of 1-1000 pM,
in phosphate buffer (0.1 M, pH 7.0) was recorded. A good linear relationship was
observed between the measured current and hydrogen peroxide concentration. A
typical response curve for one of the electrodes is shown in Figure 3.2. Sensitivities,
correlation coefficients and results of ANOVA (LSD tests) are shown in Table 3.1.

Figure 3.2 Calibration of platinum electrodes

Figure 3.2 Steady state current response of an activated platinum electrode to hydrogen peroxide in
phosphate buffer (0.1 M, pH 7.0) at an applied potential of +0.65 V versus Ag/AgCl.

All electrodes exhibited a response time of approximately 2 seconds. LSD tests
indicated that there was no significant difference between electrodes numbered 1, 3 &
4, having a mean sensitivity of 0.1356 pA/mM. However, electrodes numbered 2 & 5
were significantly different and were not used in this study. All experimental work in
this study was carried out using electrodes numbered 1, 3 & 4.
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Table 3.1 Calibration of platinum electrodes
Platinum
Electrode No.
1

Sensitivity to H2O2
(uA/mM)
0.1328

Correlation
Coefficient
0.9978

2

0.1456

0.9991

3

0.1379

0.9979

NS

4

0.1361

0.9993

NS

5

0.1132

0.9977

***

**
***
NS

Significance
NS

significant at p<0.01
significant at p<0.001
not significant

Table 3.1 details, sensitivities, correlation coefficients and significance test (LSD)
results for platinum electrodes to hydrogen peroxide.
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3.4 GLUCOSE ENZYME ELECTRODES

3.4.1 Electrodeposition of Phenylenediamine
Having activated and calibrated the platinum electrodes, glucose bienzyme electrodes
were prepared as outlined in section 2.7.2. All electrodes were prepared from an
electrodeposition solution containing ortho-phenylenediamine (OPD), glucose
oxidase and horseradish peroxidase, in phosphate buffer (0.1 M, pH 7.0). Figure 3.3
illustrates the variation in current with electrodeposition time for the oxidation of
OPD in phosphate buffer (O.IM, pH 7.0).

Figure 3.3 Current versus time graph for electrodeposition of o-phenylenediamine

Figure 3.3 Current (pA) versus time (min) graph for electrodeposition of OPD and entrapment of
enzymes, at 0.6 V versus Ag/AgCl, in a nitrogen environment.

Electrodepositions of the OPD with entrapment of enzymes were carried out at 0.6 V
versus Ag/AgCl for a time period of exactly 15 minutes. As can be seen from the
above plot, the current is initially high - up to 60 pA; this corresponds to OPD
oxidation. The current decreases significantly (almost 80% in the first minute), until
ultimately no current flows (after approximately 5 minutes). This indicates a low

96

efficiency of OPD oxidation on the poly (o-phenylenediamine) film, as compared to
the bare platinum surfaces. It is indicative of a polymeric film coating the electrode,
and blocking the access of monomer to the electrode surface. This finding is indirect
but clear evidence of the formation of a very compact and insulating film substantially
free from holes. The formation of a self insulating film of
poly (o-phenylenediamine) (POPD) on the electrode surface avoids over
polymerisation at a previously coated site. This results in improved uniformity and
reproducibility even on a rough electrode surface. The POPD films formed were
found to be; uniform, thin, and strongly adherent to the platinum surface. These
results are in agreement with the findings of many workers [7, 8].

Electrodeposition time was varied in optimisation studies, in order to optimise the
analytical performance of the electrodes. Several electrodes were prepared from
electrodeposition solutions (containing phosphate buffer (0.1 M, pH 7.0) with 100
mM OPD, 100 U/ml GOx and 50 U/ml HRP), using electrodeposition times of 10, 15,
20, 25 and 30 minutes. The electrodes were checked for their response to glucose. The
greatest response was observed with a time of 15 minutes. Increasing the
electrodeposition time up to 30 minutes caused a slower response time. Shorter
electrodeposition times gave a reduced steady state response. It can be concluded that
if the electrodeposition time is too short, the polymer film will be too loose or too thin
to obtain a high activity of enzymes and hence a reduced response. When the
electrodeposition time is too long, the film will be too insulating for enzymes and
substrates to permeate and hence the slower response.
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From a practical point of view, the stability of the OPD solutions used was found to
be important. More reproducible results were obtained using freshly prepared
solutions for each electrode. It has been pointed out in many works dealing with the
electropolymerisation of OPD that a great amount of soluble oligomer and polymer
products are formed during anodic oxidation of OPD. It has been suggested that only
ca. 0.5% of POPD or oligomers remain on the electrode surface upon its anodic
treatment, whereas 99.5% of oxidation product formed during electrolysis dissolves in
the electrolyte solution [9]. Hence the importance of using a fresh OPD solution for
each electrode.

3.4.2 Optimisation of Operating Parameters
3.4.2.1 Influence of pH on Electrode Response
Both the properties of the immobilised enzyme and the electrochemical detection may
be effected by the pH value of the test solution. Thus, the effect of the pH value of the
electrolyte on the current response to glucose was investigated in the pH range of 5.5
to 8.5.

Figure 3.4 represents the influence of electrolyte pH on the cathodic current
generated, for 1 mM glucose at an applied potential of 0.0 V versus Ag/AgCl (for an
electrode prepared having 100 U/ml glucose oxidase, 50 U/ml horseradish peroxidase
and 100 mM OPD in the electrodeposition solution).
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Figure 3.4 Influence of electrolyte pH on response of glucose electrode

pH

Figure 3.4 Plot showing the influence of electrolyte pH on the steady state cathodic response of
electrodes, to 1 mM glucose, in phosphate buffer (0.1 M), at an applied potential of 0.0 V versus
Ag/AgCl (prepared from 100 U/ml GOx, 50 U/ml HRP and 100 mM OPD).

The cathodic current increased with increasing pH giving a maximum current
response of 16 nA at pH 7.0. Increasing the pH beyond 7.0 resulted in a decrease in
measured response. The optimum pH for glucose oxidase is between 5 and 6, both for
the enzyme in solution [10] and for the immobilised form [11]. The same optimum
has been reported for HRP electrodes [12]. The shift in the optimum pH towards a
more alkaline value for the bienzyme electrode, may be as a result of gluconic acid
formed in the glucose/GOx reaction, making the solution at the electrode surface
more acidic, promoting the HRP/H2O2 reaction in which protons participate. If this is
true, the actual pH at the electrode surface is lower than the apparent pH. Similar
optimum values were reported for GOx/HRP electrodes covalently bound to platinum
electrodes and for GOx/HRP immobilised in polypyrrole [1]. A working pH of 7.0
was selected for subsequent work.
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3.4.2.2 Influence of Applied Potential
The influence of the operating applied potential was investigated using an electrode
prepared from an electrodeposition solution containing 100 U/ml GOx, 50 U/ml HRP
and 100 mM OPD. The steady state cathodic current response of the electrode, in
phosphate buffer (0.1 M, pH 7.0) to 1 mM glucose was investigated using linear scan
voltammetry, in the range -0.2 to + 0.2 V versus Ag/AgCl as outlined in section
2.7.4. The results are shown in Figure 3.5.

Figure 3.5 Influence of applied potential on response of glucose electrode

Applied Potential

Figure 3.5 Influence of applied potential (E) on the steady state current (i) for 1 mM glucose in
phosphate buffer (0.1 M, pH 7.0), (electrode prepared from an electrodeposition solution containing
100 U/ml GOx, 50 U/ml HRP and 100 mM OPD).

The highest current response was obtained at -0.2 V versus Ag/AgCl (18 nA). At
0.0 V versus Ag/AgCl the current response was approximately 10% lower. However,
as the potential became more positive, a drastic reduction in the steady state current
was observed. At + 0.2 V (versus Ag/AgCl) the current decreased to 40% of its
original value.
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The response-potential profile displayed by the electrode is similar to that reported in
the literature. Jonsson and Gorton [13] reported that for a hydrogen peroxide electrode
based on horseradish peroxidase adsorbed on graphite rods, a reduction current was
observed at +600 mV, which gradually increased as the potential switched to less
positive values and finally levelled off at -200 mV. Deng & Dong [8] reported a
hydrogen peroxide electrode based on HRP immobilised in POPD. The cathodic
response of the electrode increased as the potential became less positive and reached a
plateau between 0 and -200 mV. The electrode was destroyed due to inactivation of
HRP at potentials more negative than -250 mV. Jonsson-Pettersson reported a
HRP/GOx carbon adsorbed electrode, which gave a maximum biocatalytic reduction
current at -100 mV [12].

An operating potential of 0.0 V versus Ag/AgCl was selected in the present studies as,
at this value oxygen reduction is eliminated, residual current is low and possible
interferences can be minimised.

3.4.2.3 Influence of Temperature
The effect of immobilisation of the enzymes in POPD on the temperature-activity
profile was investigated. Figure 3.6 illustrates the steady state cathodic current
measured at an applied potential of 0.0 V versus Ag/AgCl, for 1 mM glucose in
phosphate buffer (0.1 M, pH 7.0) as a function of increasing temperature.
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Figure 3.6 Influence of temperature on response of glucose electrode

Figure 3.6 Plot showing the influence of temperature on the steady state cathodic response of
electrodes to ImM glucose in phosphate buffer (0.1 M, pH 7.0), at 0.0 V versus Ag/AgCl (prepared
from 100 U/ml GOx, 50 U/ml HRP and 100 mM OPD in electrodeposition solution). The symbol and
bar represent the mean and standard deviation of measurements performed in triplicate.

A general trend of increasing current response with increasing temperature was
observed up to 40^C, with a maximum response obtained in the temperature range 3540^C. The current measured at 40^C was 14% higher than that at 25^C. Increasing the
temperature beyond 40^C significantly decreased the response. Between 40^C and
55^C there was an almost linear decrease in current response. At 55^C the current was
14% lower than that measured at 40^C. Increasing the temperature up to 60^C,
resulted in a 72% decrease in response. At this temperature the standard deviation is
much higher that at previous temperatures. Beyond this temperature it became
impossible to obtain reproducible results due to denaturation of the enzyme. These
temperature dependent properties of the sensor are similar to those of the free enzyme
glucose oxidase.
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The temperature response profile of free GOx adsorbed on a platinised RVC
(retieulated vitreous carbon) electrode, without any polymer was reported by Sasso
[14]; a maximum response to glucose was observed at 35^C. On immobilisation of
GOx in POPD using carbodiimide and glutaradehyde crosslinkers, the maximum
response was observed at 43^C and 47^C respectively. Hence, it can be concluded in
the present studies, that immobilisation of GOx in POPD did not increase the thermal
stability of the enzyme.

An Arrhenius plot was constructed and is shown in Figure 3.7. The activation energy
Eg was calculated from the slope of the straight line to be 7.6 kJ/mol. This activation
energy is quite low which suggest that immobilisation in electrosynthesised POPD
has little effect on the thermodynamic state of the enzyme.

Figure 3.7 Arrhenius plot for glucose electrodes.

1/T(Kx10-3)

Figure 3.7 Arrenhius plot showing log of steady state cathodic current of electrodes to 1 mM glucose
in phosphate buffer (0.1 M, pH 7.0), at 0.0 V versus Ag/AgCl (electrode prepared with 100 U/ml GOx,
50 U/ml HRP and 100 mM OPD in the electrodeposition solution) as a function of the inverse of the
operating temperature.
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3.4.3 Influence of 0-Phenvlendiamine Concentration on Electrode Response
As the thickness of the film formed on the bare platinum electrode can be influenced
by the concentration of OPD in the electrodeposition solution, the effect of varying
this OPD concentration, on the analytical performance of the bienzyme electrode was
investigated. Several electrodes were prepared as outlined in section 2.7.5.1,
containing 50 mM or 100 mM OPD (with 100 U/ml of glucose oxidase and 50 U/ml
of horseradish peroxidase in electrodeposition solution). Results are detailed in Table
3.2. As the concentration of the OPD monomer increased an increase in electrode
response was observed.

Table 3.2 Influence of o-phenylenediamine concentration on response of glucose
electrode.
OPD
(mM)
50

Sensitivity
(nA/mM)
7.23

Linear Range
(mM)
5.41

Current
(nA)
95.33

100

8.24

7.25

84.78

As can be seen from Table 3.2 the greatest sensitivity and linear range was observed
with 100 mM monomer (14% and 34% higher respectively). Therefore, it can be
concluded that in addition to direct adsorption of enzymes on the platinum electrode,
enzymes are physically entrapped in the polymer matrix. 100 mM OPD concentration
in the electrodeposition solution was used in all subsequent preparations.
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3.4.4 Influence of Enzyme Composition of Electrodeposition Solution on
Electrode Response
Enzyme electrodes were prepared from electrodeposition solutions containing four
different levels of glucose oxidase and horseradish peroxidase, as outlined in Table
2,2. Under the optimised working conditions previously described, calibration curves
for glucose were constructed for all electrodes prepared. The linear region of the
curves was determined from correlation plots as described in section 2.7.3. Sensitivity
was calculated from the linear region of the electrode response and the current at 14
mM glucose was determined. Mean values and standard deviations were calculated
for all electrodes and a summary of the results is shown in Table 3.3.
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Table 3.3 Analytical performance of glucose electrodes.
No.

Units of GOx/HRP in
coating soln.

1

50/50

2

50/100

3

50/250

4

50/500

5

100/50

6

100/100

7

100/250

8

100/500

9

250/50

10

250/100

11

250/250

12

250/500

13
14
15
16

500/50
500/100
500/250
500/500

Mean
Sensitivity
nA/mM
± Std. error
5.133
±0.355
7.422
±0.646
8.33
±0.290
5.056
±0.771
8.433
±0.540
8.033
±0.55
7.417
±0.995
8.967
±0.98
5.388
±0.6
6.056
±0.613
5.233
±0.738
6.711
±0.573
4.933
±0.606
4.767
±0.2927
4.1
±0.409
6.822
±0.66

Mean Linear
Range
mM
± Std. Error
5.3333
±0.59
5.27778
±0.188
5.71875
±0.442
6.9444
±0.367
7.333
±0.527
6.875
±0.4199
5.04167
±0.454
6.7222
±0.310
7.15
±0.654
5.2222
±0.367
5.91667
±0.857
6.91667
±0.6167
5.41667
±0.363
6.66667
±0.4014
7.3333
±0.156
3.91667
±0.260

Mean
Current
nA
± Std. error
47.56
±2.986
65.44
±3.996
73.75
±3.91
49.89
±7.63
86.33
±6.19
78.67
±3.27
63.5
±8.4
91.89
±10.15
63.0
±5.49
50.33
±3.867
46.67
±4.69
69.89
±6.63
44.83
±4.44
43.67
±3.44
45.56
±4.96
49.11
±4.10

Table 3.3 details the influence of enzyme level in electrodeposition solution on the
analytical performance of electrodes. Values given are the mean values for three
individual electrodes tested in triplicate (n=9).
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The highest mean sensitivity was obtained with electrode number 8 (100 GOx and
500 HRP U/ml), followed by electrode number 5 (100 GOx and 50 HRP U/ml). The
highest linear range was obtained with electrodes number 5 (100 GOx and 50 HRP
U/ml) and number 15 (500 GOx and 250 HRP U/ml). The greatest mean current was
obtained with electrode number 8 (100 GOx and 500 HRP U/ml), followed by
electrode number 5 (100 GOx and 50 HRP U/ml). However, as is clear from Table 3.4
there is significant variation in standard errors, therefore it was decided to statistically
analyse the results using ANOVA as described in section 2.9.

Prior to statistical analysis, data was tested to investigate if it was normally distributed
using the Shapiro-Wilk test. Results of this test are shown in Tables 3.4 and 3.5.

Table 3.4 Results of normality tests for glucose oxidase
SIGNIFICANCE

DEPENDENT
VARIABLE
SENSITIVITY

GOx
U/ml
50
100
250
500

NS
NS
NS
*

LINEAR RANGE

50
100
250
500

NS
NS
NS
*

CURRENT

*

NS

50
100
250
500
significant at p<0.05
not significant
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NS
NS
NS
*

Results of tests for normality on sensitivity, linear range and current indicate that the
data was normally distributed at all levels of GOx, except 500 U/ml. At a GOx level
of 500 U per ml of electrodeposition solution, data was found to be significantly
different from the normal distribution (p<0.05).

Table 3.5 Results of normality tests for horseradish peroxidase
DEPENDENT
VARIABLE
SENSITIVITY

HRP
U/ml
50
100
250
500

NS
♦
*
NS

LINEAR RANGE

50
100
250
500

NS
NS
NS
NS

CURRENT

*

NS

SIGNIFICANCE

50
100
250
500
significant at p<0.05
not significant

*
NS
NS
NS

Normality tests for HRP found data to be normally distributed, except at HRP levels
of: 100 and 250 U/ml, which were significantly different from the normal distribution
for sensitivity (p<0.05); and 50 U/ml HRP was significantly different from the normal
distribution for current (p<0.05).
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3.4.4.1 Significant Effects of Glucose Oxidase, Horseradish Peroxidase and
Interaction on Electrode Response
A general linear model was used to investigate the influenee of enzyme levels in the
electrodeposition solution on electrode response (sensitivity, linear range, current).
Coefficient of variation values (r^) for sensitivity, linear range and current were 0.653,
0.751 and 0.763 respectively. These values indicate that the general linear model
accounted for a significant amount of variation. Table 3.6 details the results of this
analysis.

Table 3.6 Significant effects of glucose oxidase, horseradish peroxidase and
interaction on response of glucose electrode
EFFECT

VARIABLE

GOx

Sensitivity
Range
Current

HRP

Sensitivity
Range
Current

GOx*HRP

*

NS

Sensitivity
Range
Current

SIGNIFICANCE
♦**

NS
**♦
*

NS

♦♦*

***

significant at p<0.05
significant at p<0.01
significant at p<0.001
not significant

GOx had a significant effect on sensitivity and current, but did not influence the linear
range of the electrodes (p<0.001, n=48). HRP significantly influenced the current
(p<0.01, n=48) and marginally influenced the sensitivity (p<0.05, n=48). HRP did not
effect the linear range of the electrodes. However, ANOVA analysis clearly
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demonstrated that the enzymes significantly interact in their effect on sensitivity,
linear range and current, i.e. the enzymes work together, not separately in their
influence on the response (p<0.001).

The amperometric response of a glucose electrode depends on several factors
including; the amount of enzyme within the polymer film, mass transport of the
substrates (e.g. glucose and oxygen) and products (e.g. gluconate and H2O2) through
the polymer layer and kinetics of the enzymatic reaction. [15] Since the OPD films
formed in this work are very thin, it is possible to assume that there is no
concentration polarisation of substrate within the film and to analyse the response
according to a simple model, which takes account of enzyme loading and
substrate/enzyme kinetics.

To elucidate the nature of the influence of individual enzyme levels and their
combined effect on electrode response, least significant difference tests (LSD) were
performed on the data and are detailed in the following sections. Unless otherwise
stated the data points represent the mean value ± standard error, for 12 electrodes and
36 runs (GOx level constant, HRP at 4 different levels).

A full copy of ANOVA and LSD results are included in Appendix A.
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3.4.4.2 Influence of Glucose Oxidase on Sensitivity of Glucose Electrodes
3.7 Significant differences between glucose oxidase levels for sensitivity
glucose electrodes

DEPENDENT
VARIABLE
SENSITIVITY

GOx
U/ml
50

100

250

*♦*
NS

*

NS
**

50
250
500

*

50
100
500

NS

5|« ♦ ♦
sHHofs

♦**

NS

50
100
250

500

*

SIGNIFICANCE

GOx
U/ml
100
250
500

*+*

NS

significant at p<0.05
significant at p<0.01
significant at p<0.001
not significant

Figure 3.8 Influence of glucose oxidase level on sensitivity of glucose electrodes.
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Figure 3.8 Plot showing the effect of varying the level of GOx in the electrodeposition solution on the
sensitivity of the electrodes. Values are mean ± standard error (n = 48).
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Figure 3.8 shows the influence of varying GOx level, in the electrodeposition
solution, on the sensitivity of the electrodes. Results of LSD tests are detailed in Table
3.7.

It is clear from Figure 3.8 and Table 3.7 that 100 U of GOx per ml of
electrodeposition solution, produces electrodes with an optimum sensitivity for
glucose. They are significantly better than the electrodes prepared with other levels of
GOx in the electrodeposition solution.

Increasing the level of GOx from 50 to 100 U/ml gave a significant 22% increase in
sensitivity (6.434 ± 0.3629 to 8.2075 ± 0.4675 nA/mM, p<0.05). A further increase
in GOx level from 100 to 250 U/ml gave a significant decrease of 37% (p<0.001).
Increasing the level of GOx from 250 to 500 U/ml had no significant effect on
sensitivity. Notably, there was not a significant difference between 50 and 250 U/ml,
but there was a significant difference between 50 and 500 U/ml (p<0.01).

Two major factors influence the sensitivity of amperometric electrodes: (1) the
amount of enzyme immobilised on the electrode surface; and (2) the thickness of the
membrane layer [15]. As OPD films are very thin, factor (2) can be eliminated from
the present studies.

It is generally accepted that increasing the enzyme concentration in the
electrodeposition solution, results in an elevated amount of enzyme incorporated
within the film. Therefore the increase in sensitivity with increasing concentration of
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GOx. up to the optimum level, could be attributed to the elevated loading of enzyme
within the fdm.

The monotonical reduction in sensitivity observed with electrodes, with higher than
the optimum enzyme loading, can be explained by internal diffusion of H2O2 within
the film having a bi-directional characteristic: (a) one contributes to the
electrochemical response on the surface of the platinum electrode catalysed by HRP;
and (b) the other diffuses out into the bulk phase, resulting in signal loss.
As glucose diffuses into the polymer film, a local and progressive consumption of
glucose occurs by the enzymatic reaction of glucose oxidase. At the steady state, the
ratio of the two opposite-directional fluxes of H2O2, depends mainly on the spatial
distribution of H2O2 generation within the film (since H2O2 is highly diffusible within
the film). As the GOx loading increases beyond the optimum, most of the glucose is
consumed by glucose oxidase before it reaches the surface of the electrode, resulting
in a local “reaction zone” and thereafter, “depletion zone” in the film. In this situation,
it is possible that H2O2 is no longer generated throughout the film and most of the
H2O2 is produced within a localised part of the film, near the interface, leading to a
large loss of H2O2 into the bulk and consequent decrease in response. This behaviour
has been previously reported by several authors [16, 17, 18].

'The observed plateau in the response curve at enzyme levels greater than 250 U/ml
can be attributed to the fact that the amount of enzyme retained, is limited by the
maximum fixed thickness that the film can reach, 10-100 nm for a non-conducting
polymer such as OPD. Because the diameter of GOx macromolecule is about 8-9 nm,
only a few layers of enzyme can be immobilised. Hence it can be concluded that
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increasing the enzyme level in the electrodeposition solution beyond 250 U/ml does
not significantly increase the amount of enzyme immobilised in the polymer film.

14

3.4.4.3 Influence of Glucose Oxidase on Linear Range of Glucose Electrodes
Table 3.8 Significant differences between glucose oxidase levels for linear range of
glucose electrodes
DEPENDENT
VARIABLE
RANGE

♦

NS

GOx
U/ml
50

GOx
U/ml
100
250
500

♦
NS
NS

100

50
250
500

*
NS
+

250

50
100
500

NS
NS
NS

500

50
100
250

NS
*
NS

SIGNIFICANCE

significant at p<0.05
not significant

Figure 3.9 Influence of glucose oxidase on linear range of glucose electrode

Figure 3.9 Plot showing the effect of varying the GOx level in the electrodeposition solution on the
linear range of the electrodes. Values are mean ± standard error (n = 48).
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The influence of GOx level in the electrodeposition solution on the linear range of the
electrodes is depicted in Figure 3.9 and the LSD results are shown in Table 3.8.

100 U of GOx per ml of electrodeposition solution produces electrodes with an
optimum linear range, significantly better than the electrodes prepared with 50 or 500
U/ml. However, while the ANOVA, GLM analysis (I'able 3.6) showed that the GOx
level did not significantly effect the range of the electrodes, LSD tests for GOx (Table
3.8) indicated that 100 U of GOx per ml of electrodeposition solution produces
electrodes with an optimum linear range, significantly better than the electrodes,
prepared with 50 and 500 U/ml (p<0.05). Increasing the GOx level from 50 to 100
U/ml had a significant effect on the linear range increasing it by 12.5% (from 5.82 ±
0.2329 to 6.648 ± 0.25346 mM, p<0.05). Increasing the GOx from 100 to 250 U/ml
had no significant effect on linear range. While further increasing the GOx to
500U/ml gave a significantly lower linear range (p<0.05).

The linear range of amperometric electrodes is effected by three factors: (1)
permeability of membrane; (2) km value of enzyme; and (3) enzyme loading [15]. In
the present study, permeability is not significant, and a high upper limit of linearity is
promoted by a high km and a high activity of enzyme on the electrode. As the amount
of enzyme is decreased the lower limit of linearity moves towards a higher substrate
concentration. If it is assumed that the km value remains constant, then it can be
concluded that linearity is related only to enzyme loading. Theoretically, as the
amount of enzyme on the electrode increases, the linearity persists at concentrations
in excess of km- The electrode will be linear above the km provided that there is a high
specific enzyme activity on the electrode. When the amount of enzyme is low the
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upper limit is dependent on km. At high enzyme loading the upper limit will depend
on the enzyme loading factor.

It can be concluded in the present study, that the increase in linearity from 50 to 100
U/ml of GOx is due to increased enzyme loading. However, further increases in
enzyme concentration did not result in increased linearity as might be expected. In
fact, as the enzyme level increases beyond 100 U/ml a slight decrease in linearity is
observed. This is because the increase in enzyme loading is counteracted by the bi
directional flow described in section 3.4.4.2.
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3.4.4.4 Influence of Glucose Oxidase on Current of Glucose Electrodes
Table 3.9 Significant differences between glucose oxidase levels for current of
glucose electrodes
DEPENDENT
VARIABLE
CURRENT

GOx
U/ml
50

100

250

500

♦♦*

NS

GOx
U/ml
100
250
500

SIGNIFICANCE
***

NS
sis * *

50
250
500

♦ * 5|«

50
100
500

NS

50
100
250

***

***

♦*♦
**

>i« * +
**

significant at p<0.01
significant at p<0.001
not significant

Figure 3.10 Influence of glucose oxidase level on current of glucose electrodes
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Figure 3.10 Plot showing the effect of varying the level of GOx in the electrodeposition solution on the
current. Values are mean ± standard error (n = 48)
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The current generated by the electrodes was calculated at 14 mM glucose
concentration. Figure 3.10 shows the influence of the level of GOx in the
electrodeposition solution on the current. Results of LSD tests for GOx are detailed in
Table 3.9.

From Table 3.6 it is clear that the GOx level significantly influences the current
generated at 14 mM glucose (p<0.001). Comparing Table 3.7 (for sensitivity) with
Table 3.9 (for current) it is clear that the GOx level more significantly influences
current at 14 mM than sensitivity. This is because a much higher substrate
concentration is involved (14 mM) for current, than for sensitivity (calculated over the
maximum linear range, 7 mM).

From Figure 3.10 and Table 3.9 it can be seen that 100 U of GOx per ml of
electrodeposition solution produces electrodes with an optimum current of 80.10 ±
4.87 nA. They are significantly better than the other electrodes. Increasing the GOx
level from 50 to 100 U/ml gave a significant 27% increase in current, from 58.74 ±
3.02 to 80.10 ± 4.87 nA (p<0.001). Further increasing GOx from 100 to 250 and 500
U/ml resulted in significantly decreased current (p<0.001).

As would be expected the influence of GOx on current, follows the same trend as for
sensitivity. The current increases with increased enzyme loading up to an optimum
value at 100 U/ml GOx. At enzyme levels higher than 100 U/ml there is a
monotonical decrease in current due to the bi-directional characteristics of H2O2.
Current at high substrate concentration depends on the enzyme loading factor.
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3.4.4.5 Effect of Horseradish Peroxidase on Sensitivity of Glucose Electrodes
3.10 Significant differences between horseradish peroxidase levels for
sensitivity of glucose electrodes
DEPENDENT
VARIABLE
SENSITIVITY

*

NS

HRP
U/ml
50

HRP
U/ml
100
250
500

NS
NS
NS

100

50
250
500

NS
NS
*

250

50
100
500

NS
NS
NS

500

50
100
250

NS
*
NS

SIGNIFICANCE

significant at p<0.05
not significant

Figure 3.11 Influence of horseradish peroxidase levels on sensitivity of glucose
electrodes

Figure 3.11 Plot showing the effect of varying the level of HRP in the electrodeposition solution on the
sensitivity of the electrodes. Values are mean ± standard error (n = 48).
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Figure 3.11 illustrates the effect of varying the level of HRP in the electrodeposition
solution, on the sensitivity of the electrodes. Each data point represents the averaged
data for 12 electrodes and 36 runs (HRP level constant, GOx at 4 different levels) ±
standard error. Results of LSD tests for HRP are detailed in Table 3.10. Although
glucose oxidase is the enzyme which carries out the primary reaction taking place at
the electrode, horseradish peroxidase concentration is shown to have a significant
effect on sensitivity (p<0.05) and current (p<0.01) as outlined in Table 3.6.

An increase in HRP from 100 to 500 U/ml had a significant effect on the sensitivity,
which was increased by 15%, from 5.866 ± 0.03 to 6.889 ± 0.433 nA/mM (p<0.05).
There was no significant difference between the other levels of HRP used. The overall
trend of a marginal increase in sensitivity on increasing the HRP level is what would
be predicted. The oxidation of glucose by GOx producing H2O2 is the primary
reaction taking place at the electrode surface. However, it is the biocatalytic reduction
of H2O2 by HRP that is monitored, and related back to glucose concentration.
Preliminary investigations indicated that a minimum level of HRP (50 U/ml of
electrodeposition solution) was required in order to achieve measurable current.
However, increasing the concentration of this enzyme beyond the minimum level, did
not significantly influence the sensitivity of the electrodes in the linear range.

It will be clear from interaction results (section 3.4.4.8), when a higher amount of
glucose oxidase is immobilised, a greater quantity of H2O2 is produced, and a higher
level of HRP will then increase the amount reduced and hence the sensitivity.
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3.4.4.6 Effect of Horseradish Peroxidase on Linear Range of Glucose Electrodes
Table 3.11 Significant differences between horseradish peroxidase levels on linear
range of glucose electrodes
DEPENDENT
VARIABLE
LINEAR
RANGE

NS

HRP
U/ml
50

HRP
U/ml
100
250
500

NS
NS
NS

100

50
250
500

NS
NS
NS

250

50
100
500

NS
NS
NS

500

50
100
250

NS
NS
NS

SIGNIFICANCE

not significant

Figure 3.12 Influence of horseradish peroxidase level on linear range of glucose
electrodes

Figure 3.12 Plot showing the effect of varying the HRP level in the electrodeposition solution on the
linear range of the electrodes. Values are mean ± standard error (n = 48).
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The influence of varying the HRP level in the electrodeposition solution on the linear
range of the electrodes is shown graphically in Figure 3.12.
Table 3.6 and Table 3.11 respectively indicate that HRP does not effect the linear
range of the electrode.

As previously stated, the biocatalytic reduction of H2O2 by HRP is a secondary
reaction and cannot influence the amount of glucose oxidised by glucose oxidase. The
linear range is determined by the km for GOx and amount of GOx immobilised in the
OPD membrane.
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3.4.4.7 Influence of Horseradish Peroxidase on Current of Glucose Electrodes
Table 3.12 Significant differences between horseradish peroxidase levels for current
of glucose electrodes
DEPENDENT
VARIABLE
CURRENT

HRP
U/ml
50

100

250

500

Hot!*

NS

HRP
U/ml
100
250
500
50
250
500

SIGNIFICANCE
**

NS
NS
**

NS
***

50
100
500

NS
NS

50
100
250

NS
***
**

**

significant at p<0.01
significant at p<0.001
not significant

Figure 3.13 Influence of horseradish peroxidase levels on current of glucose
electrodes

Figure 3.13 Plot showing the effect of varying the level of HRP in the electrodeposition solution on the
current of the electrodes. Values are mean ± standard error (n = 48).
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The influence of the various levels of HRP in the electrodeposition solution on current
is depicted in Figure 3.13. Results of LSD tests are detailed in Table 3.12. Increasing
the HRP level from 50 to 100 U/ml gave a significant decrease of 15% in current,
from 61.81 ± 3.84 to 52.5 ± 2.35 nA (p<0.01). This result was not expected. It would
be predicted that an increase in current would be observed as a result of an increase in
enzyme loading. However, when the HRP level was increased from 100 to 500 U/ml
the current was significantly higher 65.19 ± 4.62 nA (p<0.001). A significant increase
was also noted when the HRP was increased from 250 to 500 U/ml (p<0.01).
HRP has an influence on current at 14 mM even though it doesn't influence linear
range. This is because a large amount of glucose is oxidised and hence a greater
quantity of H2O2 produced for reduction. Increasing the HRP level will increase the
quantity of H2O2 reduced and hence the resultant current is increased.
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3.4.4.8 Interaction Influences of GOx/HRP on Performance of Glucose
Electrodes
3.4.4.8.1 Interaction Influence of GOx/HRP on Sensitivity
Figure 3.14 Interaction effect on sensitivity of glucose electrodes

^—♦---- Gox50 -

- GoxlOO - - -A- - -Gox250 - -X- - Gox5^

Figure 3.14 Influence on sensitivity of electrodes of varying both GOx and HRP concentrations in
electrodeposition solutions.

Figure 3.14 illustrates the interaction influence of HRP and GOx on the electrode
sensitivity. It is clear from the figure that at the higher GOx levels (500 and 250 U/ml)
HRP at 50, 100 and 250 U/ml has no effect on sensitivity. However, it significantly
effects the sensitivity at the 500 U/ml level. This is because at this high HRP level,
GOx and HRP are competitively incorporated into the OPD membrane resulting in
less GOx being immobilised and pushing its level closer to the lower optimum level
for sensitivity illustrated in Figure 3.8.

Varying the HRP level has no influence on the sensitivity of electrodes prepared with
100 U/ml GOx. However, HRP did have a significant effect on sensitivity at 50 U/ml
GOx. The sensitivity increases with increasing HRP level up to 250 U/ml HRP and
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then significantly decreases. This result can be explained by assuming that at 50 U/ml
GOx, the glucose oxidase molecules are sparsely distributed throughout the OPD
film, hence increasing the amount of HRP immobilised increases, the proximity of the
reaction sites of the primary and secondary reactions and ensures an increase in the
amount of H2O2 reduced and a decrease in the amount entering the bulk solution.
However, at the 500 U/ml level the amount of GOx immobilised is compromised by
the quantity of HRP in the electrodeposition solution.

3.4.4.8.2 Interaction Influence of GOx/HRP on Linear Range
Figure 3.15 Interaction effect on linear range of glucose electrodes

-♦— Gox50
Figure 3.15 Influence on linear range of electrodes of varying both GOx and HRP concentrations in
electrodeposition solutions.

Figure 3.15 illustrates the interaction influence of HRP and GOx on the electrode
linear range. Higher levels of GOx (100, 250 & 500 U/ml) and HRP in the
electrodeposition solution had no influence on the linear range (Table 3.6 and Table
3.11). At the 50 Us GOx per ml of electrodeposition solution HRP had no effect at the
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50 and 100 U levels. However as the HRP is increased to 250 and 500 Us there is a
marginal increase in linear range.

3.4.4.8.3 Interaction Influence of GOx/HRP on Current
Figure 3.16 Interaction effect on current of glucose electrodes
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Figure 3.16 Influence on current of electrodes of varying both GOx and HRP concentrations in
electrodeposition solutions.

Figure 3.16 illustrates the interaction influence of HRP and GOx on the current of the
electrodes. At a GOx level of 50 U/ml, the current is significantly influenced by the
HRP level, causing it to increase with increasing HRP (up to 250 U/ml). As GOx is at
a low level increased amounts of HRP become incorporated within the OPD film.
This causes an increase in the amount of H2O2 reduced, due to increased proximity
between reaction sites. At GOx levels of 250 and 500 U/ml, HRP had no effect on
current. The lowest current values are obtained at 500 U/ml HRP, due to less GOx
being immobilised (GOx and HRP are competively incorporated into the film), and
hence a decreased electrode response and a lower current.
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3.4.4.9 Optimum Ratio of Glucose Oxidase and Horseradish Peroxidase
The results presented in the previous sections demonstrate that a GOx : HRP ratio of
100 : 50 U/ml of electrodeposition solution produce electrodes with a high sensitivity,
a wide linear range and a high current at 14 mM glucose. While it can be argued that
other ratios produce equally good, or even better results, for any of the individual
parameters, when considering economic factors the 100:50 ratio is preferable. Hence,
the characteristics and performance of glucose electrodes will be discussed with
reference to this ratio.
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3.4.5 Analytical Performance of Glucose Electrodes
3.4.5.1 Typical Calibration Plot for Glucose Electrodes
Under the optimised operating and membrane conditions, calibration curves for
glucose were constructed. The linear region of the curves was determined from
correlation plots as described in section 2.7.3, and illustrated in Figure 2.5. In general
electrodes with optimised enzyme levels demonstrated a linear relationship between
the steady state cathodic current and the substrate concentration up to 8 mM and
sensitivities up to 419 nA/mM/cm . A deviation from linearity was observed at higher
glucose concentration due to the limited activity of glucose oxidase in the
electropolymerised films. Figure 3.17 illustrates calibration curves typical of
electrodes with varied enzyme levels.

The linear range is much higher than that reported in the literature for bienzyme
electrodes based on glucose oxidase and horseradish peroxidase. Csoregi et al.
reported linearity up to 2.5 mM glucose for the enzymes physically immobilised on
carbon fibres [19]. Jonsson-Pettersson reported linearity up to 0.5 mM for the
enzymes covalently immobilised to graphite electrodes [14]. It would appear that the
presence of the poly (o-phenylenediame) membrane in the present studies causes
some restriction of glucose and thus extends the linear range. However, the linearity is
also superior to that obtained by co-immobilising the enzymes in conducting
poly(pyrrole). Tatsuma [20] and De Benedetto [1] reported linearity up to 1 mM and 2
mM glucose respectively, for the enzymes in polypyrrole. The linear range obtained is
comparable to that reported for glucose electrodes, based on glucose oxidase
immobilised in electropolymerised films, and functioning in an anodic oxidation
mode, e.g. Vidal et al. reported linearity up to 4 mM for glucose oxidase immobilised
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in polypyrrole [21]. Garjonyte et al. reported linearity up to 10 mM for glucose
oxidase immobilised in poly(o-phenylenediamine)[22].

Sensitivities up to 414 nA/mM/cm in the present studies are lower than that reported
by Jonsson-Petterson, 1100 nA/mM/cm^ [12]. However, this would be expected as
Jonsson-Petterson’s electrode was not subject to any diffusion barrier. While there is
little information in the literature regarding the sensitivity of other bienzyme
electrodes, the results compare with monoenzyme glucose electrodes; Vidal et al. [21]
reported 282 nA/mM/cm for glucose oxidase in polypyrrole, Garjonyte et al. [22]
reported 715 nA/mM/cm for glucose oxidase immobilised in poly (ophenylenediamine).

Figure 3.17 Calibration curve for glucose electrodes.

-♦—A - - * - -B

Figure 3.17 Typical steady state current response to glucose in phosphate buffer (0.1 M, pH 7.0), at an
applied potential of 0.0 V versus Ag/AgCl, where electrode A is prepared with 100 U/ml GOx and 50
U/ml HRP and B is prepared with 50 U/ml GOx and 50 U/ml HRP,
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As illustrated in Figure 3.17, electrode A, prepared from a coating solution containing
100 U/ml GOx, 50 U/ml HRP and 100 mM OPD (O.IM, pH 7.0), gave the optimum
response. The electrode was linear up to 7 mM with a correlation coefficient of 0.995
and a sensitivity of 8.433 nA/mM.

Fdectrode B was prepared from a coating solution containing 50 U/ml GOx, 50 U/ml
HRP and 100 mM OPD, (O.IM, pH 7.0) and was linear up to 5 mM with a correlation
coefficient of 0.995 and a sensitivity of 5.133 nA/mM.

3.4.5.2 Reproducibility of Electrodes
All electrodes were prepared in triplicate and tested for a total of three test runs.
Figure 3.18 shows the steady state average current response generated by three
different electrodes (each freshly prepared from electrodeposition solutions containing
100 U/ml GOx, 50 U/ml HRP and 100 mM OPD) during run 1. The electrode can be
seen to be very reproducible across the concentration range shown.

Figure 3.18 Reproducibility of glucose electrodes

Figure 3.18 Plot showing the steady state current response to glucose in phosphate buffer (0.1 M, pH
7.0), at 0.0 V versus Ag/AgCl, (electrode prepared from electrodeposition solution containing 100
U/ml of GOx, 50 U/ml HRP and 100 mM OPD), values are mean ± standard error (n = 3).
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As is clear from the figure the standard error is very small, hence it can be concluded
that the preparation of the electrodes shown is highly reproducible using the
electropolymerisation technique.

3.4.5.3 Response Time
The response time, i.e. the time taken for electrodes to reach a steady state was
investigated. Figure 3.19 represents the steady state cathodic current generated after
successive injections of 50 pL of 0.1 M glucose, (injected at 1 second and at 3
seconds into 5ml of phosphate buffer (0.1 M, pH 7.0) at 0.0 V versus Ag/AgCl
(electrode prepared with 100 U/ml of GOx, 50 U/ml of HRP and 100 mM OPD in the
electrodeposition solution).

Figure 3.19 Steady state response curve showing response time of glucose electrodes

Figure 3.19 Plot showing the steady state response to an injection of 50 pL glucose at 1 second and at
3 seconds, at a working potential of 0.0 V versus Ag/AgCl of an electrode, in phosphate buffer (0.1 M,
pH 7.0), electrode prepared from an electrodeposition solution containing 100 U/ml GOx, 50 U/ml
HRP and 100 mM OPD.

Electrodes responded very quickly to changes in glucose concentration, as illustrated
the steady state current was reached within 2 seconds both at 1 mM and 2 mM
glucose concentrations. The fast response time can be attributed to the very thin film
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formed by POPD, hence, the rate of reaction is determined by enzyme kinetics. The
response time is typical of that reported for POPD electrodes. Malitesta et al. reported
a response time of less than 1 second for a glucose electrode based on GOx
immobilised in POPD (glucose monitored anodically). [7]. Deng & Dong reported a
response time of less than 6 seconds for a hydrogen peroxide electrode based on HRP
immobilised in POPD (hydrogen peroxide measured cathodically) [8]. The response
time is much faster than that reported for a GOx/HRP electrodes based on conducting
polymers. Watanabe et al. [23] and Bendetto et al. [1] reported response times of 6 &
5 minutes respectively.

3.4.5.4 Limit of Detection
The limit of detection was calculated from 3 x standard deviation/mean sensitivity, as
described in section 2.7.6. The value obtained for electrodes prepared from an
electrodeposition solution containing 100 mM OPD, 100 U/ml GOx and 50 U/ml
HRP, was 0.03 mM glucose. This result is similar to those previously reported for
bienzyme electrodes based on GOx and HRP. Watanabe [23], Csoregi [19] and
Jonsson-Pettersson [12], reported values of 1 IpM, 20 pM and 2 pM respectively.

3.4.5.5 Stability
The long-term stability of the optimised electrodes was evaluated by measuring the
cathodic current response to glucose concentrations from 1-15 mM over a 30-day
period. Electrodes were stored in phosphate buffer (0.1 M, pH 7.0) at 4^C when not
in use. Linear range and sensitivity were calculated as before and results are shown in
Table 3.13.
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Table 3.13 Stability of glucose electrodes.
Day
1

Linear Range
(mM)
7.5 mM

Sensitivity
(nA/mM)
8.4 nA/mM

2

7.5 mM

8 nA/mM

3

7mM

6.5 nA/mM

5

7mM

6.5 nA/mM

7

7mM

6.5 nA/mM

9

6.5 mM

6.5 nA/mM

12

6.5 mM

6.3 nA/mM

15

6.5 mM

6.3 nA/mM

17

6.5 mM

6.3 nA/mM

20

6.5 mM

6.3 nA/mM

23

6 mM

6.3 nA/mM

25

6 mM

6.3 nA/mM

27

6 mM

6.3 nA/mM

30

6 mM

6.3 nA/mM

The sensitivity of the electrode decreased by 23% over the first 3 days. This decrease
in sensitivity is due to loosely bound enzyme, which becomes removed from the
electrode during the initial testing. A further 3% decrease in sensitivity was observed
over the next 9 days after which the sensitivity remained constant. The linear range of
the electrode followed a similar pattern, decreasing by 20% over the 30 days.

These results are similar or even better than those previously reported. Using similar
storage and testing procedures De Benedetto et al. reported a 20% decrease in
sensitivity in 2 weeks for a GOx/HRP/polypyrrole electrode [1]. Jonsson - Pettersson
[12] reported that long term stability varies for individual electrodes. Some BSA-GAHRP-GOx electrodes stored under the same conditions as in the present study lost
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50% of their original response over a 2 to 5 month period, while others gave the same
response as when they were newly prepared.

3.4.5.6 Selectivity of Glucose Electrodes
In spite of the inherent specificity of enzymes the presence of electroactive species
present in food and biological samples giving rise to a faradic response at the working
potential has been one of the most challenging problems for biosensor development.
A common approach to overcome this problem has been the use of mediators to
decrease the working overpotential. However using this approach the complete
suppression of electroactive interference has not been achieved and in some cases the
presence of the mediator has catalysed the interfering redox process [7]. However, a
distinct disadvantage of such a system is leaching of mediator from the membrane
compartment, not only does this continuously diminish the response of the electrode
but it also raises the question of the toxicity of such electron-transfer systems for
application in in vivo. “Third generation conducting organic salt electrodes have been
developed in an attempt to eliminate the mediator from the reaction scheme. The most
common example is the TTF/TCNQ electrode where it has been proposed that direct
electron transfer takes place between the reduced enzyme and the electrode material
[19]. Here, however there is also faradic interference by ascorbic acid and the
possibility of toxicity of the electrode material itself has been raised.

Permselective membranes such as OPD placed over the bioactive membrane has been
shown to have a diminished response to interference such as ascorbate [8] retarding it
by up to 95%. Sasso et al immobilised Gox in electropolymerised OPD films on a
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reticulated vitreous carbon electrode and reported a drastic reduction of interferences
caused by ascorbic acid [14]

By combining both of these approaches in the present work i.e. covering the electrode
with a permselective membrane (OPD) and using additional electrocatalysis (HRP) to
lower the working overpotential, interference free sensors have been developed.
Analysis of the selectivity of the glucose electrodes was based on concentrations of
the interferents ascorbate, urate and acetaminophen at their upper limits of
concentration in normal serum [21]. Details of this analysis and the results obtained
are shown in Table 3.14.

Table 3.14 Response of glucose electrodes to interfering substances

Ascorbate

Concentration
(mM)
0.05

Current
(iiA)
0

Urate

0.5

0

Acetaminophen

0.1

0

Substance

As can be seen the response of the electrodes to these interferences is negligible. The
greatest asset of the biosensors studied is their selectivity which is considerably
improved by the permselective properties of poly (o-phenylenediamine), due to
molecular exclusion and to the existence of specific chemical interaction mechanisms
[25]. These effects obviously result in more effective suppression of interferences,
which is significant in the determination of glucose in biological fluids such as blood
or serum, particularly taking into account the interfering effects of two endogenous
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electroactive species such as ascorbate and urate, both of which occur in their anionic
forms at physiological pH.

Garjonyte & Malinauskas, [22] investigated the interferences caused by ascorbate and
acetaminophen. They found at an operating potential of-0.2 and 0.0 V a response to
ascorbate of 0.1 ±0.1 pA/mM and to acetaminophen of 0.0 ± 0.1 pA/mM.

3.4.6 Kinetics of Immobilised Enzymes
Figure 3.20 shows the relationship between glucose concentration and steady state
response current (for electrode prepared with 100 U/ml GOx, 50 U/ml HRP and 100
mM OPD). Assuming that glucose is oxidised by glucose oxidase the following
relationship can be can be derived from the Michaelis Menton equation:

(3.1)

1/1 = (K„/PP/W/[S]±1/I.

where I is the current, [S] is the glucose concentration and Imax and

are called

the maximum current and apparent Michaelis constant, respectively. From equation
(3.1) a plot of l/I against 1/[S] (Lineweaver-Burk plots) give a straight line with the
intercept on the 1/I-axis equal to

1/Imax

and slope of the line equal to

km^‘’^/imax-

3.21 shows the Lineweaver-Burk plot based on the data in Figure 3.20.
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Figure

Figure 3.20 Steady state response curve of glucose electrode

Figure 3.20 Steady state cathodic response curve for glucose in phosphate buffer (0.1 M, pH 7.0) at 0.0
V versus Ag/AgCl (electrode prepared with 100 U/ml GOx, 50 U/ml HRP and 100 mM OPD in the
electrodeposition solution).

Figure 3.21 Lineweaver-Burk plot for glucose electrode

Figure 3.21 Lineweaver-Burk plot for glucose electrode

The plot is linear (correlation coefficient = 0.997), hence the response of the
electrodes fit Michaelis Menton kinetics, where the enzymatic reaction is the rate
determining step and the current produced by the diffusion of the substrate or
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products, is subject to no restriction. The k m

and Imax values determined from

Figure 3.21 were 17.03 mM and 256.41 nA respectively. Considering that the
Michaelis constant of native glucose oxidase was reported to be 9.6 mM [24], the
calculated value of k

from Figure 3.21 from the immobilised glucose is

marginally higher than that of native glucose oxidase. The increase in km value
indicates additional resistance for diffusion of glucose to the active site of the enzyme,
by the POPD membrane.

The km value calculated is similar to those reported by Sasso (25.04 mM) [14] and
Malitesta (14.4 mM) [7] for GOx immobilised in POPD. From this it can be
concluded that the presence of HRP did not significantly influence the km value for
glucose. It can also be concluded that the enzyme molecules do not undergo any
conformational change upon immobilisation in electropolymerised POPD.

3.4.7 Effect of Run on Electrode Response
Run significantly influenced the sensitivity, linear range and current of glucose
electrodes (p<0.001, 0.001 and 0.01 respectively). This is because after preparation of
electrosynthesised enzyme electrodes, loosely bound enzyme becomes desorbed thus
altering the enzyme composition of the membrane. This effect is also clearly visible in
stability studies, (Table 3.13) where the sensitivity and linear range changed by 23%
and 6% respectively in the first three days.
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3.5 HYPOXANTHINE ENZYME ELECTRODES

3.5.1 Introduction
Using the results and knowledge gained from the development and preparation of glucose
electrodes, enzyme electrodes were developed for the detection of hypoxanthine. Xanthine
oxidase and horseradish peroxidase were incorporated into an o-phenelyenediamine (OPD)
film, by the same electropolymerisation technique used for the preparation of glucose
electrodes. As the primary enzyme involved is different, the influence of operational
parameters (potential, pH, and temperature) on electrode response was first investigated.

3.5.2 Optimisation of Operating Parameters

3.5.2.1 Influence of pH on Electrode Response
As the properties of immobilised XOD and HRP, and electrochemical detection are influenced
by the electrolyte pH, this effect on the cathodic current response to hypoxanthine was
investigated. The pH of the electrolyte solution was varied in the pH range of 5.5 to 8.5 as
outlined in section 2.8.3 to determine an optimum pH for the hypoxanthine bienzyme
electrodes. Figure 3.22 shows the pH profile of an electrode prepared with 1 U/ml XOD, 50
U/ml HRP and 100 mM OPD in the electrodeposition solution.
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Figure 3.22 Influence of pH on response of hypoxanthine electrode

Figure 3.22 Plot showing the influence of electrolyte pH on the steady state cathodic response of electrodes to 10
pM hypoxanthine in phosphate buffer (0.1 M), at an applied potential of -0.1 V versus Ag/AgCl (electrode
prepared from 1 U/ml XOD, 50 U/ml HRP and 100 mM OPD).

In this system, hypoxanthine gave a maximum response between pH 7.5 and 7.8. An increase
in the steady state cathodic response of the enzyme electrode was seen as the pH of the
electrolyte solution is increased from 5.5 to 7.5. An optimum pH was observed at 7.5, where
the steady state cathodic response is the highest (19 nA/pM). A current decrease is observed
for pH values higher than 7.8; a 26% decrease in response is noted when the pH is increased to
pH 8.5.

An electrolyte pH of 7.8 was used by Xue and Mu [26], for a polypyrrole xanthine oxidase
electrode. Watanabe et al. [27] immobilised xanthine oxidase on a membrane prepared from
cellulose triacetate, l,8-diamino-4-aminomethyloctane and glutaraldehyde and reported a
similar electrode response variation to pH. Nguyen and Luong [28] also used pH 7.8 for
hypoxanthine detection using an electrode based on xanthine oxidase immobilised in a nylon
membrane. A pH of 7.5 observed in the present studies is close to the optimum pH 8.3 of the
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free soluble xanthine oxidase [26]; which suggests, that immobilisation of the enzyme in the
electropolymerised film, does not greatly effect its activity. All subsequent work carried out in
the study was performed at pH 7.5.

3.5.2.2 Influence of Applied Potential on Electrode Response
The steady state cathodic current response to 10 pM hypoxanthine in phosphate buffer (0.1 M,
pH 7.5) was recorded, using linear scan voltammetry, in the potential range of-0.2 to +0.2 V
versus Ag/AgCl, as outlined in section 2.8.3. (electrode prepared from an electrodeposition
solution containing 1 U/ml XOD, 50 U/ml HRP and 100 mM OPD). The resulting
voltammogram is illustrated in Figure 3.23.

Figure 3.23 Influence of applied potential on response of hypoxanthine electrode

Figure 3.23 Influence of applied potential (E) on the steady state current (i) for 10 pM hypoxanthine in phosphate
buffer (0.1 M, pH 7.5), (electrode prepared from an electrodeposition solution containing lU/ml XOD, 50 U/ml
HRP and 100 mM OPD).
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A maximum current response was observed in the potential range -0.2 to -0.1 V versus
Ag/AgCl. The response observed at 0.0 V versus Ag/AgCl was low, only 12% of that in the
maximum plateau and the time required for the background current to decay was substantially
longer. As the potential increased positively up to +0.2 V versus Ag/AgCl, the current decayed
to a residual value. An operating potential of-0.1 V versus Ag/AgCl was used for all
hypoxanthine electrodes prepared. This variation of electrode response with potential is similar
to that reported by other authors. An operating potential of 0.0 V was used for the bienzyme,
mediator ineorporated hypoxanthine electrode prepared by Cayuela et al. [29].

3.5.2.3 Effect of Temperature on Electrode Response
The effect of varying the temperature on the response of the electrode was examined. The
response was measured in phosphate buffer (0.1 M, pH 7.5), containing 10 pM hypoxanthine,
at an applied potential of-0.1 V versus Ag/AgCl. The results are shown in Figure 3.24 (using
electrodes prepared from an electrodeposition solution containing 1 U/ml XOD, 50 U/ml HRP
and 100 mM OPD).
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Figure 3.24 Influence of temperature on response of hypoxanthine electrodes

Figure 3.24 Plot showing the influence of temperature on the steady state cathodic response of electrodes to 10
pM hypoxanthine in phosphate buffer (0.1 M, pH 7.5), at an applied potential of -0.1 V versus Ag/AgCl,
(prepared from 1 U/ml XOD, 50 U/ml HRP and 100 mM OPD in the electrodeposition solution).

A general trend of increasing response with increasing temperature, similar to the properties of
the free enzyme [30], was observed up to 40.0”C. A similar trend was reported by Xue and Mu
[26] and Hu and Liu [31]. However, further increasing the temperature in the range of 40-60^C
has a negative effect on the response of the electrode. A 40% decrease in steady state response
was observed as the temperature was increased from 40^C to 60^C. It has previously been
reported that xanthine oxidase biosensors exhibit a shorter term operation when the
temperature is raised [32]. As a compromise between sensitivity and stability, all experimental
work in this study, was carried out at 24 ± 2^C. An Arrhenius plot was constructed and is
shown in Figure 3.25. The activation energy Ea was calculated from the slope of the straight
line to be 22.8 kJ/mol (R^= 0.991). This activation energy is quite low and suggests that
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immobilisation in electrosynthesised POPD has little effect on the thermodynamic state of the
enzyme.
Figure 3.25 Arrhenius plot for hypoxanthine electrodes.

1/T(Kx 10-3)

Figure 3.25 Plot of log of current versus 1/T for hypoxanthine electrode, electrode prepared using 1 U/ml XOD,
50 U/ml HRP and 100 mM OPD in the electrodeposition solution.

3.5.3 Optimisation of Composition of Electrodeposition Solution
The composition of the electrodeposition solution, for the preparation of the xanthine
oxidase/horseradish peroxidase electrodes, was optimised using the results obtained with the
glucose system (section 3.4.4). The horseradish peroxidase level and OPD concentration
chosen as optimum (section 3.4.4) were 50 U/ml HRP and 100 mM OPD respectively (in the
electrodeposition solution). As the enzyme involved in the primary reaction of the electrode is
different from that used in previous sections, (xanthine oxidase instead of glucose oxidase) the
effect of varying the concentration of this enzyme was investigated.
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3.5.4 Optimisation of Xanthine Oxidase Concentration
Enzyme electrodes with xanthine oxidase concentrations of 0.5 U/ml, 1 U/ml and 2 U/ml in
the electrodeposition solution were prepared. Electrodes were tested for their response to
hypoxanthine in the range of 1-160 pM, during three test runs. The sensitivity, linear range,
and current (at 150 pM hypoxanthine) of the individual electrodes were determined. Mean
values and standard errors for those electrodes were calculated and the results are shown in
Table 3.15.

Table 3.15 Mean values for electrodes prepared with various enzyme compositions
No.

1
2
3

Units ofXOD/HRP Mean Sensitivity Mean Linear Range
Mean
/ml of coating soln.
(nA/pM)
(pM)
Current (nA)
± Std.error
± Std.error
± Std.error
0.5/50
0.8500
53.83
90.00
±0.2812
± 10.37
± 17.93
1/50
1.0890
62.22
129.00
±0.1047
±4.65
± 11.33
2/50
0.7500
61.58
104.00
±0.1175
±8.42
± 15.36

The highest response for mean sensitivity, linear range and current was obtained with electrode
number 2 (1 U/ml XOD and 50 U/ml HRP). However the results were analysed statistically
using ANOVA and LSD tests.

A full copy of ANOVA and LSD results are included in Appendix B.

Prior to analysis data was tested to investigate if it was normally distributed using the ShapiroWilk test. Results of this test are detailed in Table 3.16.
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Table 3.16 Results of normality tests for xanthine oxidase
DEPENDENT
VARIABLE
SENSITIVITY

XOD
U/ml
0.5
1
2

NS
NS
NS

LINEAR RANGE

0.5
1
2

NS
NS
NS

CURRENT

0.5
1
2

NS
NS
NS

NS

SIGNIFICANCE

not significant

As is clear from Table 3.16, all data were found to be normally distributed.

A general linear model, similar to that used for analysis of the glucose system, was used to
investigate the influence of xanthine oxidase level in the electrodeposition solution, on
response (sensitivity, linear range, current). Coefficient of variation values (r ) for sensitivity,
linear range, and current were 0.789, 0.835 and 0.783 respectively. These values indicate that,
the general model accounted for a significant amount of variation. Table 3.17 details the
results of this analysis.
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Table 3.17 Significant effect of xanthine oxidase on response of hypoxanthine electrode
EFFECT
XOD

*
NS

DEPENDENT
VARIABLE
SENSITIVITY

SIGNIFICANCE
NS

LINEAR RANGE

NS

CURRENT

*

significant at p<0.05
not significant

XOD did not significantly effect the sensitivity and linear range of the electrodes but did
significantly influence the current (p<0.05). Least significant difference tests (LSD) were
performed on the data and are detailed in the following sections. The concentration of
horseradish peroxidase was maintained at 50 U/ml and the concentration of OPD at 100 mM.
Unless otherwise stated the data points represents the mean value ± standard error, for 9
electrodes and 27 runs (XOD at 3 different levels and HRP constant).
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3.5.4.1 Effect of Xanthine Oxidase on Sensitivity of Hypoxanthine Electrodes
Table 3.18 Significant differences between xanthine oxidase levels for sensitivity of
hypoxanthine electrodes
DEPENDENT
VARIABLE
SENSITIVITY

*

NS

XOD
U/ml
0.5

XOD
U/ml
1
2

SIGNIFICANCE
NS
NS

1

0.5
2

NS
*

2

0.5
1

NS
*

significant at p<0,05
not significant

Figure 3.26 Influence of xanthine oxidase on sensitivity of hypoxanthine electrodes

Figure 3.26 Plot showing the effect of varying the level of XOD in electrodeposition solution on the sensitivity of
the electrodes. Values are mean ± standard error (n=27).

Figure 3.26 shows the effect on sensitivity of varying the concentration of xanthine oxidase in
the electrodeposition solution. Results of LSD tests are detailed in Table 3.18.
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While ANOVA GLM analysis (Table 3.16) indicated that the XOD level did not significantly
influence the sensitivity of electrodes, LSD tests indicated that there was a significant
difference between

1 U and 2 U XOD per ml of electrodeposition solution (p<0.05). It is

shown in Figure 3.26 that 1 U/ml of XOD gave electrodes with optimum sensitivity for
hypoxanthine. Increasing the level of xanthine oxidase from 0.5 to I U/ml gave a 28% increase
in sensitivity. LSD tests showed a 45% significant decrease in sensitivity when XOD was
further increased, from 1 to 2 U/ml (p<0.05).

As previously stated in section 3.4 the sensitivity of amperometric electrodes is influenced by
the amount of enzyme immobilised on the electrode surface. Due to the thin OPD films
produced in this study, film thickness does not influence the sensitivity of the electrodes
prepared. Therefore, as the level of xanthine oxidase in the electrodeposition solution is
increased from 0.5 to 1 U/ml, sensitivity is increased, due to increased enzyme loading within
the film. However, increasing the concentration of xanthine oxidase to 2 U/ml did not
significantly increase the sensitivity of the electrodes although it would be expected that the
amount of enzyme immobilised did. This is similar to what was found for the glucose
electrodes (section 3.4.4.2) and reported by several authors in the literature [16,17,18]. Once
an optimum XOD level is reached, the rate of electrode reaction is governed by the bi
directional flow of H2O2. As a larger amount of enzyme is immobilised on the electrode
surface, more enzyme is closer to the outer surface and hence the loss of H2O2 to the external
solution counterbalances an increase in sensitivity due to increased enzyme loading.
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3.5.4.2 Effect of Xanthine Oxidase on Linear Range of Hypoxanthine Electrodes
Table 3.19 Significant differences between xanthine oxidase levels for linear range of
hypoxanthine electrodes
DEPENDENT
VARIABLE
LINEAR RANGE

NS

XOD
U/ml
0.5

XOD
U/ml
1
2

SIGNIFICANCE
NS
NS

1

0.5
2

NS
NS

2

0.5
1

NS
NS

not significant

Figure 3.27 Influence of xanthine oxidase on linear range of hypoxanthine electrode

Figure 3.27 Plot showing the effect of varying the level of XOD in electrodeposition solution on the linear range
of the electrodes. Values are mean ± standard error (n=27).

The level of xanthine oxidase in the electrodeposition solution had no significant effect on the
linear range of the electrodes prepared as outlined in Table 3.19 and depicted in Figure 3.27.
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3.5.4.3 Effect of Xanthine Oxidase on Current of Hypoxanthine Electrodes
Table 3.20 Significant differences between xanthine oxidase levels for current of
hypoxanthine eleetrodes
DEPENDENT
VARIABLE
CURRENT

NS

XOD
U/ml
0.5

XOD
U/ml
1
2

**
NS

1

0.5
2

**
NS

2

0.5
1

NS
NS

SIGNIFICANCE

significant at p<0.01
not significant

Figure 3.28 Influence of xanthine oxidase on current of hypoxanthine electrode

0.5

1

1.5

2.5

XOD (U/ml)

Figure 3.28 Plot showing the effect of varying the level of XOD in electrodeposition solution on the current of
the electrodes. Values are mean ± standard error (n=27).

The current for all electrodes was calculated at 150 pM. Figure 3.28 shows the effeet on the
current, of varying the concentration of xanthine oxidase in the electrodeposition solution.
Results of LSD tests are detailed in Table 3.20.
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From Figure 3.28 it is clear that 1 U/ml of xanthine oxidase in the electrodeposition solution
gave electrodes with an optimum current. Increasing the level of XOD from 0.5 to 1 U/ml of
electrodeposition solution gave a 43% significant increase in current, from 90.00 ± 17.93 to
129 ± 11.33 nA (p<0.01).

As previously stated in section 3.4.4, the current of the electrode follows the same trend as the
sensitivity; increased enzyme level giving increased current, up to an optimum value at 1
U/ml. Bi-directional characteristics of H2O2 (as described in 3.4.4.3), give a decrease in current
at enzyme levels higher than 1 U/ml.

Comparing Table 3.18 (for sensitivity) with Table 3.20 (for current) it is clear that the XOD
level more significantly influences current at 150 pM than sensitivity. This is because a much
higher substrate concentration is involved (150 pM) for current, than for sensitivity (calculated
over the maximum linear range, 60 pM).

3.5.4.4 Optimum Ratio of Xanthine Oxidase and Horseradish Peroxidase
The results presented in the previous sections demonstrate that an XOD level of 1 U/ml of
electrodeposition solution produces electrodes with a high sensitivity, a wide linear range and
a high current. Hence, the characteristics and performance of hypoxanthine electrodes will be
discussed with reference to this ratio.

Cayuela et al. 1998, found that immobilising half the amount of xanthine oxidase in the
electrode based on a graphite-Teflon matrix gave a smaller linear range. This result is similar
to that obtained in this study [29]. Quiong et al. also examined the effect of xanthine oxidase
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content in an electrode prepared by immobilising xanthine oxidase in silk fibroin and cellulose
acetate membranes. The authors found that higher levels of xanthine oxidase gave increased
sensitivity, but electrodes were not as reproducible and stable as those with lower levels of
xanthine oxidase [33].

3.5.5 Analytical Performance of Hypoxanthine Electrodes

3.5.5.1 Typical Calibration Plot for Hypoxanthine Electrodes
An increase in current was observed up to 275 pM hypoxanthine, however, the current
observed at high concentrations did not give a good linear response, (so for the purpose of
investigative and optimisation studies 160 pM hypoxanthine was chosen as the concentration
corresponding to saturation). Figure 3.29 shows a typical steady state response curve over the
entire concentration range of the electrode (electrode prepared from an electrodeposition
solution containing 1 U/ml xanthine oxidse, 50 U/ml horseradish peroxidase and 100 mM
OPD).

Calibration curves were plotted for all electrodes using the optimised conditions described.
The linear region of the curves was determined from correlation plots as described in section
2.7.3 and illustrated in Figure 2.5. Hypoxanthine electrodes with optimised enzyme
composition were linear up to 63 pM hypoxanthine and had sensitivities up to 1.089 ± 0.1047
nA/pM.

The linear range of the electrode in this study was better than that reported by Arai and
Yasumori [34] who immobilised xanthine oxidase in the conductive redox polymer
poly(mercapto-p-benzoquinine) and Mascini [35] who describes carbon based screen printed
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electrodes, both reported a linear range of 50 pM hypoxanthine. Cayuela [29] reported a linear
range from 0.5 to 10 pM hypoxanthine for xanthine oxidase incorporated in a graphite-Teflon
matrix. However, the enzyme electrode fabricated by Nguyen and Liiong [28] by crosslinking
xanthine oxidase with glutaraldehyde showed a linear response from 5 to 300 pM
hypoxanthine. Hu and Liu [31] developed a Nafion-paraquat chemically modified glassy
carbon electrode which gave a linear response from 1 - 200 pM hypoxanthine, similar to that
reported by Niu et al. (5.6 - 500 pM hypoxanthine) [36].

Figure 3.29 Concentration range of hypoxanthine electrode

Figure 3.29 Plot showing entire concentration range of hypoxanthine electrode, in phosphate buffer (0.1 M, pH
7.5) at-0.1 V versus Ag/AgCl (electrode prepared with 1 U/ml XOD, 0.5 U/ml HRP and 100 mM OPD in the
electrodeposition solution).

3.5.5.2 Reproducibility of Hypoxanthine Electrodes
All electrodes were prepared in triplicate and tested for a total of three test runs. Figure 3.30
shows the mean steady state current response value of three electrodes prepared from an
electrodeposition solution containing 1 U/ml XOD, 50 U/ml HRP and 100 mM OPD, during
run one.
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Figure 3.30 Steady state response curve showing reproducibility of hypoxanthine electrodes.

Figure 3.30 Plot showing the steady state current response to hypoxanthine in phosphate buffer (0.1 M, pH 7.5),
at -0. IV versus Ag/AgCl, (electrode prepared with 1 U/ml XOD, 50 U/ml HRP and 100 mM OPD in the
electrodeposition solution).

Figure 3.30 shows the electrode to be reproducible across the concentration range shown,
values are for the initial run and are mean ± standard error (n=3).

3.5.5.3 Response Time
The response time of the electrodes was investigated as described in section 2.8 and is depicted
in Figure 3.31. 50 pL of 0.01 M hypoxanthine was injected at 1 second and a subsequent
injection was made after 3 seconds, into 5 mis of phosphate buffer (0.1 M, pH 7.5) at
-0.1 V versus Ag/AgCl (electrode prepared with 1 U/ml XOD, 50 U/ml HRP and 100 mM
OPD in the electrodeposition solution)
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Figure 3.31 Response time of hypoxanthine electrode

Time (sec)

Figure 3.31 Plot showing steady state response time for hypoxanthine electrodes to an injection of 50 uL of 0.01
M hypoxanthine at 1 second and at 3 seconds, into 5 mis of phosphate buffer (0.1 M, pH 7.5) at an operating
potential of-0.1 V versus Ag/AgCl, electrode prepared from 1 U/ml XOD, 50 U/ml HRP and 100 mMOPD in
electrodeposition solution.

Electrodes responded quickly to changes in hypoxanthine concentration. Steady state currents
were obtained within 2 seconds of the injection being made. This is a much faster response
time than reported in the literature. Watanabe [27], Nguyen and Luong [28], and Hu and Liu
[31] describe a response within 3 minutes, 2 minutes, and 60-80 seconds respectively. The
response time is controlled by the thickness of the polymer film and the enzyme layer. The
diffusional rate of the substrate through the film contributes directly to the response time of the
sensor [33]. As the poly (o-phenylenediamine) film formed in this study is very thin
(approximately 10 nm) this accounts for the very fast response time.
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3.5.5.4 Limit of Detection
The limit of detection of the hypoxanthine electrodes was calculated from 3 x standard
deviation/ mean sensitivity, as described in section 2.8, and was found to be 0.25 pM
hypoxanthine (For electrodes prepared with 1 U/ml XOD, 50 U/ml HRP and 100 mM OPD).
This is better than that reported in the literature, Niu & Lee [35] report a limit of detection of
1.3 pM hypoxanthine while Hu & Liu describe a limit of detection at 0.8 p M hypoxanthine
[31].

3.5.6 Kinetics of Immobilised Enzymes
Figure 3.32 shows the steady state response curve for a hypoxanthine electrode (prepared from
and electrodeposition solution containing, 1 U/ml XOD, 50 U/ml HRP and 100 mM OPD).
The data was used to construct the Lineweaver-Burk plot in Figure 3.33.

Figure 3.32 Steady state response curve of hypoxanthine electrode

Figure 3.32 Steady state response curve for hypoxanthine electrode in phosphate buffer (0.1 M, pH 7.5), at -0.1
V versus Ag/AgCl, (electrode prepared with 1 U/ml XOD, 50 U/ml HRP and 100 mM OPD in electrodeposition
solution).
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Figure 3.33 Lineweaver-Burk plot for hypoxanthine electrode
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Figure 3.33 Lineweaver-Burk plot of data points shown in Figure 3.29, showing equation of the straight line for
the data.

As outlined in section 2.8.6 Lineweaver-Burk plots can be used to determine the

and the

Imax values for the enzyme electrodes. A plot of 1/current (I) against 1/[S] (hypoxanthine
concentration) gives a straight line with the 1/I-axis intercept as 1/Imax and the slope as
Imax-

and Imax valucs wcrc determined from the above data as 196.1 pM and 344.83 nA

respectively (R^ = 0.995). While there is little information in the literature on the effect of
immobilisation on the km value of xanthine oxidase a kn/’’’’ of 0.45 mM was reported by Niu
and Lee [36].
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3.6 MECHANISM OF ELECTRON TRANSFER

It is postulated that in the glucose and hypoxanthine electrodes developed, there is direct
electron transfer between the platinum electrode and the active site of the HRP immobilised on
the electrode surface. Although there have been numerous reports in the literature of
reagentless glucose electrodes based on glucose oxidase immobilised in conducting polymers
[36] or on conducting organic salts, where the reduced glucose oxidase is re-oxidised much
controversy surround their existence. It has been suggested that because the active site of
glucose oxidase is located deep inside the biomolecule, it is not available for electron
exchange with the surface of the electrode. Additionally, the random position of the enzyme
molecules in polymer films makes this exchange even more difficult. It has been proposed
instead that the electron transfer is achieved by small and mobile molecules of redox species
(mediator or dissolved oxygen) present beside the enzyme in the polymer layer rather than the
polymer chain itself [38]. However, a direct and efficient electron transfer of HRP adsorbed on
carbon black [39], spectrographic graphite [13], pyrolytic graphite [40] and non-platinised
activated carbon electrodes [41] have been reported. Similar reports have been made by
Gorton et al. [42] and Wollenberger et al. for HRP entrapped in carbon paste, by Wollenberger
et al. [43] for HRP entrapped in polypyrrole, and by Watanabe and co-workers [44] for
immobilised HRP on a Sn02 electrode by polypyrrole. Deng and Dong [8] have suggested that
HRP can reduce and oxidise on a poly (o-phenylenediamine) platinum modified electrode.
They claim that the polymer film mediated the reduction of HRP-Fe (III) to HRP-Fe (II). In
the present study it is not clear whether electron transfer is mediated via the polymer film or
direct electron transfer from the platinum surface to the HRP active site takes place. However,
results obtained for HRPads on activated platinum would favour the latter. Regardless of the
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mechanism, it has been clearly demonstrated that the electrodes function without the need for
added mediator.
I'he stmctures of the substrates and the products of the reactions involved for both glucose and
hypoxanthine electrodes are shown below;
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Chapter 4: Conclusions

4.1 CONCLUSIONS

Glucose and hypoxanthine electrodes were conveniently prepared by the co-immobilisation of
horseradish peroxidase and glucose oxidase or xanthine oxidase respectively in a poly (ophenylenediamine) membrane. Glucose and hypoxanthine were measured reagentless at 0.0 V
versus Ag/AgCl by the cathodic decomposition of hydrogen peroxide, a product of glucose
oxidase and xanthine oxidase catalysis. The decomposition of hydrogen peroxide was
catalysed by horseradish peroxidase. While glucose oxidase has been previously immobilised
in poly (o-phenylenediamine) [1,2] and glucose oxidase and horseradish peroxidase have been
co-immobilised in conducting polypyrrole [3, 4], nylon mesh [5] and in carbon paste
electrodes [6], the electrode configuration developed in the present work has not been
previously reported.

Enzymes were entrapped in electropolymerised o-phenylenediamine by potentiostatic
deposition of a solution of monomer and enzyme at 0.6 V versus Ag/AgCl.
Electropolymerisation variables such as deposition time, monomer concentration and enzyme
concentration were found to significantly influence the quality and performance of electrodes
produced. An electrodeposition time of 15 minutes and a monomer concentration of 100 mM
o-phenylenediamine gave optimum results. The concentration of oxidase enzyme, significantly
influenced response characteristics such as sensitivity and current both for glucose and
hypoxanthine electrodes. While a minimum quantity of horseradish peroxidase was required to
lower the working overpotential of electrodes, it’s concentration did not significantly improve
the performance of electrodes. The optimised results clearly demonstrated that by carefully
selecting the composition of the electrodeposition solution it is possible to develop electrodes
having desired response characteristics. On balance a glucose oxidase : horseradish peroxidase
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ratio of 100 : 50 U/ml and a xanthine oxidase : horseradish peroxidase ratio of 1 : 50 U/ml
was found to give optimum results.

Immobilisation of enzymes in electropolymerised poly (o-phenylenediamine) did not
significantly alter the kinetic or thermodynamic properties of the oxidase enzymes. The km and
Imax values, calculated from Lineweaver Burk plots for immobilised enzymes were 17.03 mM
and 12.8 pA/cm respectively for glucose electrodes and 196.1 pM and 19.9 pA/cm
respectively for hypoxanthine electrodes. These values are similar to those reported for the free
enzyme. For both electrode types activation energies calculated from Arrhenius plots were
quite low, 7.6 kJ/mol for glucose electrodes and 22.8 kJ/mol for hypoxanthine electrodes.
These values indicate that immobilisation of enzymes did not significantly alter the
conformational or electronic properties of the enzymes.

Operating variables such as pH and applied potential were found to significantly influence
electrode response. The optimum pH and applied potential were pH 7.0 and 0.0 V respectively
for glucose and pH 7.5 and -0.1 V respectively for hypoxanthine.

Both the glucose and hypoxanthine electrodes which were developed demonstrated a high
sensitivity 419.63 nA/mM/cm and 54.2 nA/pM/cm respectively, a broad linear range up to 7
mM and 62 pM respectively, a low limit of detection 0.03 mM and 0.25 pM respectively, and
a very fast response time; approximately 2 seconds. This fast response time suggests that the
poly (o-phenylenediamine) membrane does not present a diffusional barrier to either glucose
or hypoxanthine, and that the rate of electrode reaction is governed by the rate of enzymatic
reactions. The electrodes exhibited a lifetime of greater than 30 days. However, the greatest
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asset of the biosensors developed is their selectivity which is considerably improved compared
to reported configurations. The electrodes did not respond to ascorbic, urate or acetaminophen
at levels normally encountered in clinical, biological and industrial samples. This improved
selectivity has been achieved by covering the electrode with a permselective membrane (poly
(o-phenylenediamine)), and using additional electrocatalysis (horseradish peroxidase) to lower
the working overpotential.

While the mechanism of electron transfer has not been fully elucidated, it is postulated that in
the electrodes developed there is direct electron transfer between the platinum electrode and
the active site of the horseradish peroxidase immobilised on the electrode surface. This
postulation is strengthened by results obtained with HRPads platinum electrodes, where it has
been conclusively shown that by activating the platinum electrodes thereby introducing
oxygen functionalities significantly improved the electron transfer process.

The electropolymerisation technique used in the present study has a number of advantages in
design and development of biosensors over more conventional techniques.
> It is a simple one step procedure, allowing efficient and reproducible
immobilisation of biological elements. In conventional amperometric enzyme
electrodes, up to three membranes are employed to overcome problems associated
with enzyme immobilisation, electroactive interferences and electrode fouling;
> The amount and spatial distribution of enzyme within the polymer film can be
easily controlled;
> Enzymes can be immobilised over a small and defined area of the transducer or on
any conducting three-dimensional surface. The uses of both cast and discrete
membrane films are limited to two-dimensional electrode surfaces;
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> Since electropolymerisation occurs locally at the electrode surface, it can be used to
confine an enzyme precisely at an electrode without cross-immobilising it on a
neighbouring electrode. This property makes it suitable for the fabrication of arrays
of enzyme microelectrodes and mass production;
> It is possible to build multiplayer structures;
It is a suitable technique for direct electron transfer between the transducer and the
active centre of the enzyme; and
> It is possible to co-immobilise more than one enzyme.

In further studies, areas to investigate include;
♦ the applicability of this system to food samples,
♦ enhancement of electrode stability by covalently immobilising enzyme in
electropolymerised membrane optimising the reaction rate while preventing
leaching out from the surface,
♦ the long-term usage of this biosensor under storage and working conditions
♦

morphological characteristics of the biosensor membrane.
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Appendix A

Multivariate Tests'^
Effect
Intercept

GOX

HRP

RUN

GOX * HRP

GOX * RUN

HRP * RUN

GOX * HRP * RUN

Pillai’s Trace
Wilks’ Lambda
Hotelling's Trace
Roy's Largest Root
Pillai's Trace
Wilks’ Lambda
Hotelling's Trace
Roy’s Largest Root
Pillai's Trace
Wilks' Lambda
Hotelling's Trace
Roy's Largest Root
Pillai's Trace
Wilks’ Lambda
Hotelling's Trace
Roy’s Largest Root
Pillai's Trace
Wilks' Lambda
Hotelling's Trace
Roy's Largest Root
Pillai's Trace
Wilks’ Lambda
Hotelling’s Trace
Roy's Largest Root
Pillai's Trace
Wilks' Lambda
Hotelling's Trace
Roy's Largest Root
Pillai's Trace
Wilks' Lambda
Hotelling's Trace
Roy's Largest Root

Value
.994
.006
153.316
153.316
.476
.547
.789
.734
.273
.742
.329
.252
.471
.533
.867
.857
1.131
.225
2.054
1.066
.196
.814
.216
.142
.292
.732
.333
.174
.614
.503
.773
.372

F
3104.646^
3104.646^
3104,646^
3104,646^
3.911
4.587
5.238
15.237^
2.073
2.137
2.182
5.235^
6.320
7.480^
8.667
17.563^
3.678
4.151
4.537
9.946^
.722
.719
.717
1,993^
1.104
1.105
1.102
2.441^
.847
.850
.853
1.738^"

Hypothesis df
4.000
4.000
4.000
4.000
12.000
12.000
12.000
4.000
12.000
12.000
12.000
4.000
8.000
8.000
8.000
4.000
36.000
36.000
36.000
9.000
24.000
24.000
24.000
6.000
24.000
24.000
24.000
6.000
72.000
72.000
72.000
18.000

Error df
81.000
81.000
81.000
81,000
249.000
214.597
239.000
83.000
249.000
214.597
239.000
83.000
164.000
162.000
160.000
82.000
336.000
305.282
318.000
84.000
336.000
283.785
318.000
84.000
336.000
283.785
318.000
84.000
336.000
320.870
318.000
84.000

a- Exact statistic
b. The statistic is an upper bound on F that yields a lower bound on the significance level.
c. Design: Intercept+GOX+HRP+RUN+GOX * HRP+GOX * RUN+HRP * RUN+GOX * HRP * RUN

Sig.
.000
.000
.000
.000
.000
.000
.000
.000
.019
.016
.013
.001
.000
.000
.000
.000
.000
,000
,000
.000
.829
.831
.834
.076
.337
.337
.339
.032
.802
.795
.790
.048

Tests of Between-Subjects Effects

Source
Corrected Model

Intercept

GOX

HRP

RUN

GOX * HRP

GOX * RUN

HRP * RUN

GOX * HRP * RUN

Error

Total

Corrected Total

Dependent Variable
SLOPE
CURRENT
RANGE
S.CURREN
SLOPE
CURRENT
RANGE
S.CURREN
SLOPE
CURRENT
RANGE
S.CURREN
SLOPE
CURRENT
RANGE
S.CURREN
SLOPE
CURRENT
RANGE
S.CURREN
SLOPE
CURRENT
RANGE
S.CURREN
SLOPE
CURRENT
RANGE
S.CURREN
SLOPE
CURRENT
RANGE
S.CURREN
SLOPE
CURRENT
RANGE
S.CURREN
SLOPE
CURRENT
RANGE
S.CURREN
SLOPE
CURRENT
RANGE
S.CURREN
SLOPE
CURRENT
RANGE
S.CURREN

Type ill Sum
of Squares
4.41 IE-043
2.973E-02^
205.935''
4.668E-02'^
4.974E-03
.198
4801.456
.444
8.246E-05
5.572E-03
10.711
1.042E-02
2.418E-05
1.398E-03
2.279
3.238E-03
6.529E-05
8.096E-03
22.344
1.026E-02
1.810E-04
9.347E-03
113.801
1.523E-02
5.666E-06
7.963E-04
8.066
1.425E-03
1.499E-05
6.400E-04
15.264
1.258E-03
5.074E-05
2.101E-03
26.025
2.499E-03
2.341E-04
9.833E-03
147.252
1.452E-02
5.840E-03
.245
5323.028
.523
6.751E-04
3.956E-02
353.187
6.120E-02

a- R Squared = .653 (Adjusted R Squared = .459)
b- R Squared = .751 (Adjusted R Squared = .612)
c- R Squared = .583 (Adjusted R Squared = .350)
d- R Squared = .763 (Adjusted R Squared = .630)

df
47
47
47
47
1
1
1
1
3
3
3
3
3
3
3
3
2
2
2
2
9
9
9
9
6
6
6
6
6
6
6
6
18
18
18
18
84
84
84
84
132
132
132
132
131
131
131
131

Mean Square
9.385E-06
6.325E-04
4.382
9.932E-04
4.974E-03
.198
4801.456
.444
2.749E-05
1.857E-03
3.570
3.472E-03
8.061E-06
4.661E-04
.760
1.079E-03
3.264E-05
4.048E-03
11.172
5.132E-03
2.01 IE-05
1.039E-03
12.645
1.692E-03
9.443E-07
1.327E-04
1.344
2.374E-04
2.498E-06
1.067E-04
2.544
2.097E-04
2.819E-06
1.167E-04
1.446
1.389E-04
2.787E-06
1.171 E-04
1.753
1.729E-04

F
3.368
5.404
2.499
5.745
1784.990
1687.206
2739.000
2566.675
9.864
15.867
2.037
20.084
2.893
3.982
.433
6.244
11.715
34.579
6.373
29.687
7.218
8.872
7.213
9.787
.339
1.134
.767
1.373
.897
.911
1.451
1.213
1.012
.997
.825
.803

Siq.
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.115
.000
.040
.011
.730
.001
.000
.000
.003
.000
.000
.000
.000
.000
.914
.350
.598
.235
.501
.491
.205
.308
.456
.471
.667
.691

Grand Mean

Dependent Variable
SLOPE
CURRENT
RANGE
S.CURREN

Mean
6.234E-03
3,928E-02
6.125
5.888E-02

Std. Error
.000
.001
.117
.001

95% Confidence Interval
Lower Bound
Upper Bound
5.940E-03
6.527E-03
3.738E-02
4.118E-02
5.892
6.357
5.657E-02
6.119E-02

Multiple Comparisons
LSD

Dependent Variable
SLOPE

(1) GOX
50,00

100.00

250.00

500.00

CURRENT

50.00

100.00

250.00

500.00

RANGE

50.00

100.00

250.00

500.00

S.CURREN

50.00

100.00

250.00

500.00

Based on observed means.

(J) GOX
100.00
250.00
500.00
50.00
250.00
500,00
50.00
100.00
500.00
50.00
100.00
250.00
100.00
250.00
500.00
50.00
250.00
500.00
50.00
100.00
500.00
50.00
100.00
250.00
100.00
250.00
500.00
50.00
250.00
500.00
50.00
100.00
500.00
50.00
100.00
250.00
100.00
250.00
500.00
50.00
250.00
500.00
50.00
100.00
500.00
50.00
100.00
250.00

Mean
Difference
(l-J)
-1.0313E-03*
5.74286E-04
1.21762E-03*
1.03134E-03*
1.60563E-03*
2.24896E-03*
-5.7429E-04
-1.6056E-03*
6.43333E-04
-1.2176E-03*
-2.2490E-03*
-6.4333E-04
-1.230E-02*
3.357E-04
8.473E-03*
1.230E-02*
1.264E-02*
2.078E-02*
-3.357E-04
-1.264E-02*
8.138E-03*
-8.473E-03*
-2.078E-02*
-8.138E-03*
-.82701*
-.45571
2.9762E-02
.82701*
.37129
.85677*
.45571
-.37129
.48548
-2.9762E-02
-.85677*
-.48548
-1.504E-02*
1.429E-03
1.264E-02*
1.504E-02*
1.647E-02*
2.768E-02*
-1.429E-03
-1.647E-02*
1.121E-02*
-1.264E-02*
-2.768E-02*
-1.121E-02*

Std. Error
4.083E-04
3.990E-04
4.153E-04
4.083E-04
4.083E-04
4.242E-04
3.990E-04
4.083E-04
4.153E-04
4.153E-04
4.242E-04
4.153E-04
2.646E-03
2.586E-03
2.692E-03
2.646E-03
2.646E-03
2.750E-03
2.586E-03
2.646E-03
2.692E-03
2.692E-03
2.750E-03
2.692E-03
.32383
.31650
.32942
.32383
.32383
.33647
.31650
.32383
.32942
.32942
.33647
.32942
3.216E-03
3.143E-03
3.271 E-03
3.216E-03
3.216E-03
3.341E-03
3.143E-03
3.216E-03
3.271E-03
3.271E-03
3.341 E-03
3.271E-03

Siq.
.013
.154
.004
.013
.000
.000
.154
.000
.125
.004
.000
.125
.000
.897
.002
.000
.000
.000
.897
.000
.003
.002
.000
.003
.012
.154
.928
.012
.255
.013
.154
.255
.144
.928
.013
.144
.000
.651
.000
.000
.000
.000
.651
.000
.001
.000
.000
.001

Multiple Comparisons
LSD

Dependent Variable
SLOPE

(1) GOX
50.00

100.00

250.00

500.00

CURRENT

50.00

100.00

250.00

500.00

RANGE

50.00

100.00

250.00

500.00

S.CURREN

50.00

100.00

250.00

500.00

(J) GOX
100.00
250.00
500.00
50.00
250.00
500.00
50.00
100.00
500.00
50.00
100.00
250.00
100.00
250.00
500.00
50.00
250.00
500.00
50.00
100.00
500.00
50.00
100.00
250.00
100.00
250.00
500.00
50.00
250.00
500.00
50.00
100.00
500.00
50.00
100.00
250.00
100.00
250.00
500.00
50.00
250.00
500.00
50.00
100.00
500.00
50.00
100.00
250.00

95% Confidence Interval
Lower Bound
Upper Bound
-1.843253E-03 -2,194260E-04
-2.192422E-04
1.36781 E-03
3.91689E-04
2.04355E-03
2.19426E-04
1.84325E-03
7.93712E-04
2.41754E-03
1.40535E-03
3.09257E-03
-1.367814E-03
2.19242E-04
-2.417538E-03 -7,937118E-04
-1.825967E-04
1.46926E-03
-2.043549E-03 -3.916890E-04
-3.092568E-03 -1.405349E-03
-1.469263E-03
1.82597E-04
-1.75644E-02
-7.03966E-03
-4.80747E-03
5.47890E-03
3.12023E-03
1.38266E-02
7.03966E-03
1.75644E-02
7.37538E-03
1.79001 E-02
1.53077E-02
2.62432E-02
-5.47890E-03
4.80747E-03
-1.79001E-02
-7.37538E-03
2.78452E-03
1.34909E-02
-1.38266E-02
-3.12023E-03
-2.62432E-02
-1.53077E-02
-1.34909E-02
-2.78452E-03
-1.47098
-.18303
-1.08511
.17368
-.62533
.68485
.18303
1.47098
-.27268
1.01527
.18766
1.52589
-.17368
1.08511
-1.01527
.27268
-.16962
1.14057
-.68485
.62533
-1.52589
-.18766
-1.14057
.16962
-2.14336E-02
-8.64319E-03
-4.82181E-03
7.67895E-03
6.13725E-03
1.91485E-02
8.64319E-03
2.14336E-02
1.00718E-02
2.28622E-02
2.10364E-02
3.43261 E-02
-7.67895E-03
4.82181E-03
-2.28622E-02
-1.00718E-02
4.70868E-03
1.77199E-02
-1.91485E-02
-6.13725E-03
-3.43261 E-02
-2.10364E-02
-1.77199E-02
-4.70868E-03

Based on observed means.
*• The mean difference is significant at the .05 level.

Multiple Comparisons
LSD

Dependent Variable
SLOPE

(1) HRP
50.00

100.00

250.00

500.00

CURRENT

50.00

100.00

250.00

500.00

RANGE

50.00

100.00

250.00

500.00

S.CURREN

50.00

100.00

250.00

500.00

Based on observed means.

(J) HRP
100.00
250.00
500.00
50.00
250.00
500.00
50.00
100.00
500.00
50.00
100.00
250.00
100.00
250.00
500.00
50.00
250.00
500.00
50.00
100.00
500.00
50.00
100.00
250.00
100.00
250.00
500.00
50.00
250.00
500.00
50.00
100.00
500.00
50.00
100.00
250.00
100.00
250.00
500.00
50.00
250.00
500.00
50.00
100.00
500.00
50.00
100.00
250.00

Mean
Difference
Std. Error
(l-J)
2.21875E-04
4.173E-04
-1.2500E-05
4.173E-04
-8.0139E-04
4.056E-04
-2.2188E-04
4.173E-04
-2.3437E-04
4.173E-04
-1.0233E-03* 4.056E-04
1.25000E-05
4.173E-04
2.34375E-04
4.173E-04
-7.8889E-04
4.056E-04
8.01389E-04
4.056E-04
1.02326E-03* 4.056E-04
7.88889E-04
4.056E-04
6.836E-03* 2.705E-03
3.994E-03
2.705E-03
-1.468E-03
2.629E-03
-6.836E-03* 2.705E-03
-2.842E-03
2.705E-03
-8.304E-03* 2.629E-03
-3.994E-03
2.705E-03
2.842E-03
2.705E-03
-5.462E-03* 2.629E-03
1.468E-03
2.629E-03
8.304E-03* 2.629E-03
5.462E-03* 2.629E-03
.41250
.33100
.26406
.33100
.24062
.32168
-.41250
.33100
-.14844
.33100
-.17188
.32168
-.26406
.33100
.14844
.33100
-2.3438E-02
.32168
-.24062
.32168
.17188
.32168
2.3438E-02
.32168
9.312E-03* 3.287E-03
5.531 E-03
3.287E-03
-3.382E-03
3.195E-03
-9.312E-03* 3.287E-03
-3.781E-03
3.287E-03
-1.269E-02* 3.195E-03
-5.531 E-03
3.287E-03
3.781 E-03
3.287E-03
-8.913E-03* 3.195E-03
3.382E-03
3.195E-03
1.269E-02* 3.195E-03
8.913E-03* 3.195E-03

Siq.
.596
.976
.051
.596
.576
.014
.976
.576
.055
.051
.014
.055
.013
.144
.578
.013
.296
.002
.144
.296
.041
.578
.002
.041
.216
.427
.457
.216
.655
.595
.427
.655
.942
.457
.595
.942
.006
.096
.293
.006
.253
.000
.096
.253
.007
.293
.000
.007

Multiple Comparisons
LSD

Dependent Variable
SLOPE

(1) HRP
50.00

100.00

250.00

500.00

CURRENT

50.00

100.00

250.00

500.00

RANGE

50.00

100.00

250.00

500.00

S.CURREN

50.00

100.00

250.00

500.00

(J) HRP
100.00
250.00
500.00
50.00
250.00
500.00
50.00
100.00
500.00
50.00
100.00
250.00
100.00
250.00
500.00
50.00
250.00
500.00
50.00
100.00
500.00
50.00
100.00
250.00
100.00
250.00
500.00
50.00
250.00
500.00
50.00
100.00
500.00
50.00
100.00
250.00
100.00
250.00
500.00
50.00
250.00
500.00
50.00
100.00
500.00
50.00
100.00
250.00

95% Confidence Interval
Lower Bound
Upper Bound
-6.080164E-04
1.05177E-03
-8.423914E-04
8.17391E-04
-1.607898E-03
5.12054E-06
6.08016E-04
-1.051766E-03
5.95516E-04
-1.064266E-03
-1.829773E-03 -2.167545E-04
-8.173914E-04
8.42391E-04
-5.955164E-04
1.06427E-03
-1.595398E-03
1.76205E-05
-5.120544E-06
1.60790E-03
2.16754E-04
1.82977E-03
-1.762054E-05
1,59540E-03
1.45707E-03
1.22148E-02
-1.38481E-03
9.37293E-03
-6.69521E-03
3.75944E-03
-1.22148E-02
-1.45707E-03
-8.22075E-03
2.53700E-03
-1.3531 IE-02
-3.07650E-03
-9.37293E-03
1.38481E-03
-2.53700E-03
8.22075E-03
-1.06893E-02
-2.34621 E-04
-3.75944E-03
6.69521 E-03
3.07650E-03
1.3531 IE-02
2.34621 E-04
1.06893E-02
-.24573
1.07073
-.39417
.92230
-.39906
.88031
-1.07073
.24573
-.80667
.50980
-.81156
.46781
-.92230
.39417
-.50980
.80667
-.66313
.61625
-.88031
.39906
-.46781
.81156
-.61625
.66313
2.77569E-03
1.58493E-02
-1.00556E-03
1.20681 E-02
-9.73458E-03
2.97069E-03
-1.58493E-02
-2.77569E-03
-1.03181E-02
2.75556E-03
-1.90471E-02
-6.34181E-03
-1.20681E-02
1.00556E-03
-2.75556E-03
1.03181E-02
-1.52658E-02
-2.56056E-03
-2.97069E-03
9.73458E-03
6.34181E-03
1.90471 E-02
2.56056E-03
1.52658E-02

Based on observed means.
*• The mean difference is significant at the .05 level.

Multiple Comparisons
LSD

Dependent Variable
SLOPE

(1) RUN
1.00
2.00
3.00

CURRENT

1.00
2.00
3.00

RANGE

1.00
2.00
3.00

S.CURREN

1.00
2.00
3.00

Based on observed means.

(J) RUN
2.00
3.00
1.00
3.00
1.00
2.00
2.00
3.00
1.00
3.00
1.00
2.00
2.00
3.00
1.00
3.00
1.00
2.00
2.00
3.00
1.00
3.00
1.00
2.00

Mean
Difference
(l-J)
9.61499E-04*
1.80190E-03*
-9.6150E-04*
8.40404E-04*
-1.8019E-03*
-8.4040E-04*
1.158E-02*
1.977E-02*
-1.158E-02*
8.183E-03*
-1.977E-02*
-8.183E-03*
.65904*
1.02849*
-.65904*
.36944
-1.02849*
-.36944
1.329E-02*
2.193E-02*
-1.329E-02*
8.643E-03*
-2.193E-02*
-8.643E-03*

Std. Error
3.560E-04
3.580E-04
3.560E-04
3.539E-04
3.580E-04
3.539E-04
2.307E-03
2.320E-03
2.307E-03
2.294E-03
2.320E-03
2.294E-03
.28235
.28392
.28235
.28071
.28392
.28071
2.804E-03
2.820E-03
2.804E-03
2.788E-03
2.820E-03
2.788E-03

Sig.
.008
.000
.008
.020
.000
.020
.000
.000
.000
.001
.000
.001
.022
.000
.022
.192
.000
.192
.000
.000
.000
.003
.000
.003

Multiple Comparisons
LSD

Dependent Variable
SLOPE

(1) RUN
1.00
2.00
3.00

CURRENT

1.00
2.00
3.00

RANGE

1.00
2.00
3.00

S.CURREN

1.00
2.00
3.00

(J) RUN
2.00
3.00
1.00
3.00
1.00
2.00
2.00
3.00
1.00
3.00
1.00
2.00
2.00
3.00
1.00
3.00
1.00
2.00
2.00
3.00
1.00
3.00
1.00
2.00

95% Confidence Interval
Upper Bound
Lower Bound
1.66942E-03
2.53582E-04
2.51374E-03
1.09007E-03
-1.669415E-03 -2.535821 E-04
1.36613E-04
1.54419E-03
-2.513739E-03 -1.090066E-03
-1.544195E-03 -1.366131E-04
1.61719E-02
6.99533E-03
2.43802E-02
1.51528E-02
-6.99533E-03
-1.61719E-02
1.27444E-02
3.62132E-03
-1.51528E-02
-2.43802E-02
-3.62132E-03
-1.27444E-02
9.7555E-02
1.22053
1.59309
.46389
-9.75554E-02
-1.22053
-.18877
.92766
-.46389
-1.59309
.18877
-.92766
1.88639E-02
7.71181E-03
2.75382E-02
1.63244E-02
-1.88639E-02
-7.71181E-03
1.41870E-02
3.09988E-03
-1.63244E-02
-2.75382E-02
-3.09988E-03
-1.41870E-02

Based on observed means.
*• The mean difference is significant at the .05 level.

Appendix B

Multivariate Tests'^
Effect
Intercept

XOD

HRP

RUN

XOD * HRP

XOD * RUN

HRP * RUN

XOD* HRP* RUN

3.

Pillai's Trace
Wilks' Lambda
Hotelling's Trace
Roy's Largest Root
Pillai's Trace
Wilks' Lambda
Hotelling's Trace
Roy's Largest Root
Pillai's Trace
Wilks' Lambda
Hotelling's Trace
Roy's Largest Root
Pillai's Trace
Wilks' Lambda
Hotelling's Trace
Roy's Largest Root
Pillai's Trace
Wilks' Lambda
Hotelling's Trace
Roy's Largest Root
Pillai's Trace
Wilks' Lambda
Hotelling's Trace
Roy's Largest Root
Pillai's Trace
Wilks' Lambda
Hotelling's Trace
Roy's Largest Root
Pillai's Trace
Wilks' Lambda
Hotelling's Trace
Roy's Largest Root

Value
.993
.007
149.228
149.228
1.006
.197
3.049
2.661
.000
1.000
.000
.000
1.096
.166
3.458
2.917
.000
1.000
.000
,000
1.366
.079
6.223
5.242
.000
1.000
.000
.000
.000
1.000
.000
.000

F
497.427^
497.427^
497.427^
497.427^
3.715
4.181^
4.573
9.755*^
a
a
a

.000^
4.441
4.855^
5.186
10.696^
a
a
a

.000^
2.508
3.583
4.494
15.727^
a
a
a

.000^
a
a
a

.000^

Hypothesis df
3.000
3.000
3.000
3.000
6.000
6.000
6.000
3.000
.000
.000
.000
3.000
6.000
6.000
6.000
3.000
.000
.000
.000
3.000
12.000
12.000
12.000
4.000
.000
.000
.000
3.000
.000
.000
.000
3.000

Error df
10.000
10.000
10.000
10.000
22.000
20.000
18.000
11.000
.000
11.000
2.000
9.000
22.000
20.000
18.000
11.000
.000
11.000
2.000
9.000
36.000
26.749
26.000
12.000
.000
11.000
2.000
9.000
.000
11.000
2.000
9.000

Exact statistic

b. The statistic is an upper bound on F that yields a lower bound on the significance level.
c. Design: Intercept+XOD+HRP+RUN+XOD * HRP+XOD * RUN+HRP * RUN+XOD * HRP * RUN

Siq.
.000
.000
.000
.000
.011
.007
.005
.002

1.000
.004
.003
.003
.001

1.000
.016
.003
.001
.000

1.000

1.000

Tests of Between-Subjects Effects

Source
Corrected Model

Intercept

XOD

HRP

RUN

XOD * HRP

XOD * RUN

HRP * RUN

XOD * HRP * RUN

Error

Total

Corrected Total

Dependent Variable
SLOPE
CURRENT
RANGE
SLOPE
CURRENT
RANGE
SLOPE
CURRENT
RANGE
SLOPE
CURRENT
RANGE
SLOPE
CURRENT
RANGE
SLOPE
CURRENT
RANGE
SLOPE
CURRENT
RANGE
SLOPE
CURRENT
RANGE
SLOPE
CURRENT
RANGE
SLOPE
CURRENT
RANGE
SLOPE
CURRENT
RANGE
SLOPE
CURRENT
RANGE

Type III Sum
of Squares
3.185E-06^
1.192E-02b
6009.113^
1.627E-05
5.497E-02
71000.043
4.592E-07
4.775E-03
284.974
.000
.000
.000
2.118E-06
5.768E-03
151.983
.000
.000
.000
7.417E-07
8.401 E-04
5667.496
.000
.000
.000
.000
.000
.000
8.533E-07
2.678E-03
1188.458
2.196E-05
7.742E-02
81900.250
4.038E-06
1.460E-02
7197.571

a- R Squared = .789 (Adjusted R Squared = .648)
b. R Squared = .817 (Adjusted R Squared = .694)
c. R Squared = .835 (Adjusted R Squared = .725)

df
8
8
8
1
1
1
2
2
2
0
0
0
2
2
2
0
0
0
4
4
4
0
0
0
0
0
0
12
12
12
21
21
21
20
20
20

Mean Square
3.981 E-07
1.491E-03
751.139
1.627E-05
5.497E-02
71000.043
2.296E-07
2.387E-03
142.487

F
5.598
6.679
7.584
228.766
246.333
716.896
3.229
10.698
1.439

Siq.
.004
.002
.001
.000
.000
.000
.076
.002
.275

1.059E-06
2.884E-03
75.991

14.890
12.922
.767

.001
.001
.486

1.854E-07
2.100E-04
1416.874

2.608
.941
14.306

.089
.473
.000

7.11 IE-08
2.232E-04
99.038

Grand Mean

Dependent Variable
SLOPE
CURRENT
RANGE

Mean
8,963E-04
5.210E-02
59.213

Std. Error
.000
.003
2.212

95% Confidence Interval
Upper Bound
Lower Bound
1.025E-03
7.672E-04
5.934E-02
4.487E-02
54.394
64.031

Multiple Comparisons
LSD

Dependent Variable
SLOPE

(l)XOD
.50
1.00
2.00

CURRENT

.50
1.00
2.00

RANGE

.50
1.00
2.00

Based on observed means.

(J) XOD
1.00
2.00
.50
2.00
.50
1.00
1.00
2.00
.50
2.00
.50
1.00
1.00
2.00
.50
2.00
.50
1.00

Mean
Difference
(l-J)
-2.389E-04
1.000E-04
2.389E-04
3.389E-04*
-1.000E-04
-3.389E-04*
-3.620E-02*
-1.803E-02
3.620E-02*
1.816E-02*
1.803E-02
-1.816E-02*
-8.3889
-7.7500
8.3889
.6389
7.7500
-.6389

Std. Error
1.405E-04
1.540E-04
1.405E-04
1.405E-04
1.540E-04
1.405E-04
7.873E-03
8.625E-03
7.873E-03
7.873E-03
8.625E-03
7.873E-03
5.2451
5.7457
5.2451
5.2451
5.7457
5.2451

Siq.
.115
.528
.115
.033
.528
.033
.001
.058
.001
.040
.058
.040
.136
.202
.136
.905
.202
.905

Multiple Comparisons
LSD

Dependent Variable
SLOPE

(1) XOD
.50
1.00
2.00

CURRENT

.50
1.00
2.00

RANGE

.50
1.00
2.00

(J) XOD
1.00
2.00
.50
2.00
.50
1.00
1.00
2.00
.50
2.00
.50
1.00
1.00
2.00
.50
2.00
.50
1.00

95% Confidence Interval
Lower Bound
Upper Bound
-5.45112E-04
6.73338E-05
-2.35450E-04
4.35450E-04
-6.73338E-05
5.45112E-04
3.26662E-05
6.45112E-04
-4.35450E-04
2.35450E-04
-6.45112E-04
-3.26662E-05
-5.33515E-02
-1.90419E-02
-3.68255E-02
7.58796E-04
1.90419E-02
5.33515E-02
1.00855E-03
3.53181E-02
-7.58796E-04
3.68255E-02
-3.53181E-02
-1.00855E-03
-19.8169
3.0391
-20.2687
4.7687
-3.0391
19.8169
-10.7891
12.0669
-4.7687
20.2687
-12.0669
10.7891

Based on observed means.
The mean difference is significant at the .05 level.

Multiple Comparisons
LSD

Dependent Variable
SLOPE

(1) RUN
1
2
3

CURRENT

1
2
3

RANGE

1
2
3

Based on observed means.

(J) RUN
2
3
1
3
1
2
2
3
1
3
1
2
2
3
1
3
1
2

Mean
Difference
(l-J)
5.286E-04*
7.286E-04*
-5.286E-04*
2.000E-04
-7.286E-04*
-2.000E-04
2.545E-02*
4.216E-02*
-2.545E-02*
1.671E-02
-4.216E-02*
-1 671E-02
3.9286
2.7143
-3.9286
-1.2143
-2.7143
1.2143

Std. Error
1.425E-04
1.425E-04
1.425E-04
1.425E-04
1.425E-04
1.425E-04
7.985E-03
7.985E-03
7.985E-03
7.985E-03
7.985E-03
7.985E-03
5.3195
5.3195
5.3195
5.3195
5.3195
5.3195

Sig.
.003
.000
.003
.186
.000
.186
.008
.000
.008
.058
.000
.058
.474
.619
.474
.823
.619
.823

Multiple Comparisons
LSD

Dependent Variable
SLOPE

(1) RUN
1
2
3

CURRENT

1
2
3

RANGE

1
2
3

(J) RUN
2
3
1
3
1
2
2
3
1
3
1
2
2
3
1
3
1
2

95% Confidence Interval
Lower Bound
Upper Bound
2.18005E-04
8.39138E-04
4.18005E-04
1.03914E-03
-8.39138E-04
-2.18005E-04
-1.10567E-04
5.10567E-04
-1.03914E-03
-4.18005E-04
-5.10567E-04
1.10567E-04
8.05330E-03
4.28496E-02
2.47604E-02
5.95567E-02
-4.28496E-02
-8.05330E-03
-6.90988E-04
3.41053E-02
-5.95567E-02
-2.47604E-02
-3.41053E-02
6.90988E-04
-7.6615
15.5187
-8.8758
14.3044
-15.5187
7.6615
-12.8044
10.3758
-14.3044
8.8758
-10.3758
12.8044

Bijsed on observed means.
*• The mean difference is significant at the .05 level.

